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1.  INTRODUCTION 

The  purpose  of  this  article  is  to  review  the  ionic 
channels  that  have  been  characterized  in  leukocytes 
and,  whenever  possible,  to  uiscuss  their  functional  sig¬ 
nificance.  This  review  makes  iio  attempt  to  provide  a 
comprehensive  view  of  ionic  transport  mechanisms  in 
leukocytes,  nor  does  it  attempt  to  provide  an  inclusive 
summary  of  the  numeroCf)  studies  done  using  ion-flux 
techniques  and  fluorescence  measurements  that  have 
examined  the  role  o'*  ionic  transport  in  leukocyte  func¬ 
tion.  Rather,  it  focuses  on  the  electrophysiological  evi¬ 
dence  for  the  existence  of  specific  ionic  channels  in  leu- 
koc^  tes,  w  ith  the  exception  of  the  basophil,  which  is  not 
covered  in  this  review.  (Information  on  the  basophil  is 
more  appropriately  included  in  a  review  of  mast  cells.; 
Sev eral  recent  rev  iew  s  are  av  ailable  for  those  interested 
in  a  discussion  of  other  transport  mechanisms  in  leuko¬ 
cytes  (47,  69,  73,  75,  87). 

Because  significant  progress  in  this  area  has  de¬ 
pended  on  the  development  of  the  patch-clamp  tech¬ 
nique  by  Neher  and  Sakmann  in  1976  (181;,  the  area  of 
investigation  is  relatively  young,  the  studies  covered  in 
this  review  are  just  a  beginning.  Undoubtedly,  many 
channels  are  y  et  to  be  described  in  leukocy  tes,  and  much 
more  will  be  learned  about  the  relevance  of  ionic  chan¬ 
nels  to  leukocyte  function.  The  observations  that  the 
gating  of  ionic  channels  can  be  modulated  by  phosphor¬ 
ylation  and  dephosphorylation  reactions  (217,  246;,  as 
well  as  by  a  variety  of  second  messengers  (132,  217;, 
already  have  provided  an  important  regulatory  link  be¬ 
tween  biochemical  events  inside  leukocytes  and  ionic 
channels  (72, 73;  c.g.,  see  sect.  lvA3), 

IL  TERMINOLOGY 

Ionic  channels  are  Integral  membrane  proteins  that 
provide  low  energy  pathways  for  ions  to  cross  cellular 


membranes,  allowing  ions  to  flow  passively  down  their 
electrochemical  gradient  at  rates  exceeding  10®  ions/s. 
The  high  rate  of  flow  of  ions  through  channels  and  their 
discrete  transitions  between  open  and  closed  states 
facilitates  the  measurement  of  these  transport  events 
(currents)  through  individual  macromolecules.  It 
should  be  noted  that  for  small  currents  that  are  not 
voltage  gated  and  that  have  single-channel  current  am¬ 
plitudes  too  small  to  detect  (<1  pA),  discriminating  be- 
tw  een  a  current  through  an  ionic  channel  and  one  pro¬ 
duced  by  carrier-mediated  transport  can  be  difficult 
(151,  "C4;  e.g.,  see  sect.  ivAS), 

If  an  ion  channel  is  open  and  the  membrane  poten¬ 
tial  (!„)  differs  from  the  electrochemical  potential  for 
ion  X  (E’j,  the  potential  difference  at  equilibrium),  then 
current  w  ill  flow  into  or  out  of  the  cell  depending  on  the 
driv  ing  force  on  x.  When  is  equal  to  E^t  no  current  (i) 
will  flow.  The  current  flowing  across  an  ion  channel  di¬ 
vided  by  the  net  electrochemical  driving  force  (V)  across 
the  channel  is  equal  to  its  ion  conductance  (G),  which  is 
expressed  in  siemens  (S)  or  in  reciprocal  ohms  (G  =  1/ 
T*),  and  is  a  measure  of  the  ease  with  which  ions  flow 
across  the  channel.  Single-ion  channels  have  conduc¬ 
tances  in  the  range  of  picosiemens  (10  S;.  Some  chan¬ 

nels  allow  current  to  flow  more  easily  in  one  direction 
than  in  the  other  direction,  a  property  called  rectifica¬ 
tion.  Thus  an  inwardly  rectify  ing  cation  channel  is  one 
in  which  cations  flow  more  easily  into  the  cell  than  out 
of  the  cell  (conversely,  an  inwardly  rectifying  anion 
channel  would  allow  anions  to  flow  out  of  the  cell  more 
easily  than  into  the  cell).  In  these  cases,  a  plot  of  the 
relationship  between  current  and  voltage  (/-!’)  vvill  be 
nonlinear  (nonohmic). 

Ion  channels  can  be  characterized  by  their  conduc¬ 
tances,  gating  properties  (factors  controlling  channel 
opening  and  closing),  kinetics  (rates  at  which  channels 
open  and  close;,  ionic  selectivity  (differential  permeabil¬ 
ity),  and  pharmacology  (the  action  of  specific  agents  in 
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blocking  or  changing  the  flow  of  ionb^.  Furthermore, 
channel  activ  i4  ^an  be  modified  by  the  presence  of  com¬ 
peting  ions  or  other  molecules,  such  as  GTP-binding 
proteins  or  inositol  phosphates.  Ionic  channels  have 
been  best  characterized  in  excitable  cells  where  they 
have  been  studied  for  the  past  50  years  (107).  With  the 
advent  of  the  patch-clamp  technique,  much  progress  has 
been  made  on  other  cell  types,  including  leukocytes, 
where  ionie  ehannel  openings  in  response  to  specific 
chemical  ligands  ^ligand  gatedj,  voltage  (voltage gated), 
or  both  have  been  described. 

Most  of  the  studies  discussed  in  this  rev  ievv  used  the 
patch’olamp  technique.  This  technique  is  extremely 
versatile  because  it  can  be  used  in  a  number  of  recording 
configurations  (103).  1)  the  cell-attached  patch  mode  in 
which  single-channel  currents  are  recorded  from 
patches  of  membrane  in  intact  cells,  2)  two  excised- 
patch  modes  in  which  patches  of  membrane  are  pulled 
away  from  the  cell  and  single-channel  currents  are  re¬ 
corded  with  the  inside  surface  of  the  membrane  facing 
either  the  bath  solution  (inside-out  patch)  or  the  pipette 
solution  (outside-out  patch ),  and  J)  the  w  hole  cell  config¬ 
uration  in  which  currents  representing  an  average  of 
the  single-channel  currents  across  the  whole  cell  are 
measured.  In  the  whole  cell  configuration,  the  inside  of 
the  cell  is  perfused  with  the  solution  in  the  patch  elec¬ 
trode,  this  allows  the  addition  of  second  messengers  and 
other  substances  to  the  inside  of  the  cell  but  also  has  the 
disadvantage  of  washing  out  intracellulai  constituents 
that  might  modulate  the  ionic  channels  being  studied 
(103).  This  disadvantage  has  been  recently  eliminated 
by  a  modification  of  the  whole  cell  configuration,  the 
“nystatin-permeabilized  patch”  (111).  The  antibiotic 
nystatin  is  added  to  the  pipette  solution,  reducing  the 
resistance  between  pipette  and  cytoplasm.  Although 
this  is  analogous  to  whole  cell  recording,  large  molecules 
and  even  divalent  ions  do  not  leave  the  cell,  and  second 
messenger-mediated  responses  can  be  observed  that 
do  not  remain  functional  in  conventional  whole  cell 
recording. 


III.  PHAGOCYTIC  LEUKOCYTES 

Macrophages,  neutrophils,  and  eosinophils  are 
phagocytic  leukocytes  that  are  capable  of  iiiigrating  to¬ 
ward  invading  microorganisms  and/  or  tumor  cells,  en¬ 
gulfing  them,  and  ultimately  killing  them.  During  these 
events  a  number  of  enzymes,  cytokines,  toxic  oxygen 
products,  and  other  factors  having  widespread  actions 
are  released.  In  recent  years  much  has  been  learned 
about  the  physiology  of  phagocytic  cells,  including  the 
role  of  phosphoinositide  metabolism,  GTP-binding  pro¬ 
teins,  and  protein  kinase  C  in  phagocy  te  activation  (10, 
256,  269).  In  addition  to  these  agents,  interest  in  the 
possible  role  of  ions  in  stimulus-response  coupling  in 
phagocytic  cells  has  resulted  in  ac»teady  increase  in  elec- 
trophy  siological  studies  that  have  characterized  a  num¬ 
ber  of  conductances  in  these  cells.  Table  1  contains  a  list 
of  the  ionic  conductances  in  phagocytes.  Xnese  studies 


examined  neutrophils,  macrophages,  and  related  tumor 
cell  lines.  Unfortunately,  no  data  exist  on  the  ionic 
channels  in  the  eosinophil. 

A.  Macrophages 

Macrophages,  found  in  virtually  every  tissue,  origi¬ 
nate  from  bone  marrow  cells  that  are  released  into  the 
blood  as  monocytes  (272).  Monocytes  circulate  in  the 
blood  for  up  to  several  days  until  they  emigrate  into  the 
tissues  and  mature  into  macrophages.  Macrophages  can 
survive  in  tissues  for  months  and  even  possibly  years, 
playing  pivotal  roles  in  numerous  aspects  of  host  de¬ 
fenses,  including  processing  antigens,  killing  parasites 
and  tumor  cells,  ingesting  dead  or  dying  cells,  and  se¬ 
creting  cytokines. 

Electrophy siological  studies  at  the  whole  cell  or 
single-channel  level  have  demonstrated  that  macro¬ 
phages  exhibit  both  voltage-gated  and  Ca  gated  ioni^ 
currents.  Four  K  currents,  three  Cl  currents,  .ind  nonse- 
lective  cation  currents  have  been  identified  and  are  de¬ 
scribed  in  detail  next.  Although  one  laboratory  reported 
action  potentials  in  human  monocyte-derived  macro¬ 
phages  (165,  283),  those  events  were  poorly  character¬ 
ized,  and  they  have  not  been  noted  by  other  investiga¬ 
tors.  Furthermore,  no  voltage-dependent  Ma  or  Ca 
currents  have  lieen  described  in  macrophages.  Both  Fc 
immunoglobulin  and  ATP  receptor-gated  ionic  conduc¬ 
tances  have  been  described  in  macrophages  and  are  also 
discussed. 


I  Potassiuvi  conductances 

I)  VOLTAGE  DEPENDENT  INV.AKDLY  RECTIFYING 
POTASSIUM  CONDUCTANCE.  An  inwardly  rectify  ing  K 
(K,)  current  that  activates  at  voltages  negative  to  50 
mV  was  first  described  in  intracellular  microelectrode 
studies  of  mouse  spleen  and  thioglycolate-induced  mac¬ 
rophages  that  had  been  cultured  for  several  weeks  (6J, 
65).  The  Ki  current  has  since  been  characterized  in  cul¬ 
tured  human  monocyte-derived  macrophages  (68, 18S), 
in  the  murine  macrophage-like  cell  line  J774.1  (70),  in 
mouse  peritoneal  macrophages  (212),  and  in  phorbol  es¬ 
ter-induced  differentiated  IIL60  cells  human  pro- 
my  elocytic  Lukemia  cell  line)  (278).  This  current  is  simi¬ 
lar  to  the  inwardly  rectifying  K  current  characterized  in 
several  other  cell  types,  including  starfish  egg  cells 
(100),  frog  skeletal  muscle  (112),  heart  muscle  (80),  bo¬ 
vine  pulmonary  artery  endothelial  cells  (251),  and  rat 
basophilic  leukemia  cells  (154). 

In  macrophages,  the  K,  current  has  been  best  char¬ 
acterized  in  J774.1  cells,  where  it  has  a  steep  voltage 
dependence  (fractional  activation  decreased  from  %7c 
at  00  mV  to  26?6  at  70  mV)  and  a  time-dependent 
inactivation  (70).  Inactivation,  which  was  evident  for 
voltage  steps  to  potentials  more  negative  than  100  mV, 
followed  first-order  kinetics  and  had  a  rate  that  in¬ 
creased  with  membrane  hyperpolarization.  Whole  cell 
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TABLE  1.  Ion  channels  in  phagocytes 


Channol 

Galling 

SCO.  |)S 

Blockers 

Present  In 

Reference 

Macrophage 

K  channels 

Ko  (ouvxaid 
innetivatin^) 

Voltage 

IG 

D  GOO,  TEA,  4-AP, 

CSj,  Ba, 

Mouse  peritoneal,  human  blood- 
derived,  human  alveolar 
macrophages;  J774.1,  P388D1, 
HL60  cells 

70,  183,  290 

Ko2  toward  poorly 
innelivatinK) 

Voltage 

TEA,  4-AP,  Cs, 

Human  blood-derived 
macrophages 

188 

K|  (inwardly 
rectifying) 

Voltage 

Ba,  Cs,  Rb 

Mouse  peritoneal  and  spleen, 
human  blood-derived 
macrophages;  J774.1,  HL60 
cells 

G8,  70,  211, 
278 

Klc.  Ca  and 

voltage  activated) 

Caj  and 
voltage 

210* 

CTX,  TEA,  Csi 

Human  blood  derived,  human 
alveolar  macrophages 

62, 120a, 

121, 166 

Kic»  (inwardly 
rectifying.  Ca 
activated) 

Ca, 

36* 

Ba 

Human  blood-derived,  mouse 
peritoneal  macrophages;  U937 
cells 

63,  104, 

120a,  121 

Cl  channels 

C%  (large) 

Voltage 

340 

DIDS 

U937  cells;  mouse  peritoneal 
macrophages 

121, 212,  23G 

Clj  'intermediate) 

Voltage 

2S 

DJDS 

U937  cells 

121 

Cl,  (small) 

Voltage 

IG 

U937  cells 

121 

Cation  channels 

Nonsclcctive 

Ca, 

Vari.able 

Zn 

P388D1  cells;  human  blood- 
derived  macrophages 

155, 183 

Fc 

Fc-Iigaiul 

GO 

Neutrophil 

Mouse  macrophages 

287,288 

K  channels 

Outward 

Ca  activated 

Ca, 

Human  neutrophils 

Human  neutrophils 

128 

128 

Cl  channels 

Ca  activated 

Cai 

Human  neutrophils 

128 

Cation  channels 

Nonsclcctive 

Ca, 

18-25 

4-G 

Human  neutrophils 

276 

urultf  p}i>»lulugical  iunii.  ‘IJa  mM  li.xternal  K  ^fur  rectify  mg  channels,  largest  conductance 

Is  gi  inl  Ta,.  C»,,  Ba,,  inltinal  Ca,  am!  Ba.  1  AP,  i-aiiiInop> rtdine,  CTX,  charjbdoloxin,  DIDS,  l,l-diisothioc.vanostilbcne“2,2'-disulfonic 
acid;  TEA.  tctracthylammonium. 


K,  currents  bhouing  activation  and  inactivation  are 
shown  in  Figure  LI  Removal  of  exteinal  Na  reduced  (by 
)  inactivation  (Fig.  LI,  buttoni)  but  did  not  abolish 
it,  suggesting  that  bome  of  the  inactivation  wab  due  to 
the  intrinsic  voltage  dependence  of  the  ch..vnnel  (1T6), 
Voltage-dependent  inactuation  wab  verified  in  bingle- 
channcl  recordb  in  the  abbtnee  of  external  Na  (Fig.  IB), 
As  in  other  cells  that  display  this  ty  pe  of  inwardly  recti¬ 
fying  K  conductance  (100,  101),  raising  extracellular  K 
concentration  ([KJ,)  increased  the  >lope  conductance  for 
the  invv\*rd  currents  and  shifted  the  voltage  dependence 
to  the  right,  indicating  that  the  activation  of  the  K,  con¬ 
ductance  depended  on  [K^  (TO).  Similar  results  were  re* 
ported  in  mouse  peritoneal  m  ’crophages,  where  in¬ 
creasing  [K]o  from  7j  to  liO  mM  increased  the  maximum 
slope  of  the  K,  conductance  by  a  factor  of  5.1  (212).  Ex¬ 
ternal  Ba  blocked  the  K,  current  in  a  voltage-dependent 
manner  (170),  with  complete  block  occurring  at  2.5  mM 
Ba  (70)  The  K,  current  was  also  reduced  by  the  addition 
of  1  mM  Cs  (70). 


Single-channel  currents,  the  properties  of  which 
correspond  to  the  macroscopic  Kj  current  measured  in 
whole  cells,  have  been  described  in  both  J774.1  cells 
(170)  and  in  human  peripheral  blood-derived  macro¬ 
phages  (68j.  In  both  these  cell  types,  single-channel 
currents  were  evident  in  cell-attached  patches  (145  mM 
KCl  in  electrode  and  normal  saline  in  bath)  at  zero  hold¬ 
ing  potential  (the  resting  I  „  the  cells).  Under  these 
conditions  the  single-channel  conductance  in  cell-at¬ 
tached  patches  vvas  29  pS  for  inward  currents,  and  the 
extrapolated  reversal  potential  was  near  No  out¬ 
ward  currents  vvere  noted  at  potentials  above  i?K>  indi¬ 
cating  either  an  extreme  rectification  at  the  single¬ 
channel  level  or  an  absence  of  detectable  channel  open¬ 
ings  positive  to  In  ventricular  heart  cells,  inward 
rectification  through  Kj  channels  was  abolished  by  re¬ 
moving  internal  Mg  (172).  In  contrast,  the  inward  recti¬ 
fier  in  bovine  pulmonary  endothelial  cells  has  a  voltage- 
and  [K]o-dependcnt  gating  m^chanioin  that  is  distinct 
from  Mg  block  (251).  At  potentials  more  negative  than 
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FIG.  1.  Inwardly  rectifying  K  (K|) 
currents  in  J77‘l.l  cell.  Patch  electrode 
contained  (in  mM)  M5  KCI,  1  MgCl2, 1.1 
EGTA,  0.1  CaGIz.  and  10  HEPES  (pH 
7.3).  A:  whole  cell  currents  in  response 
to  ‘140-ms  test  pulses  given  every  8  s  to 
potentials  shown.  Top:  tracings  from 
cell  held  at  '-80  mV  and  bathed  in  150 
mM  NaCl  Hanks’  solution.  Bottom:  trac¬ 
ings  from  cell  held  at  0  mV  and  bathed 
in  150  mM  KCI  Hanks’.  B:  first  5  current 
tracings  arc  single-channel  currents  re¬ 
corded  in  cell-attached  patch  configura¬ 
tion  recorded  in  response  to  voltage  step 
to  -190  mV  from  holding  potential  of 
-*30  mV.  Bottom  tracing  is  averaged 
current  record  for  above  tracings,  com¬ 
prised  of  40  individual  tracings.  Cell 
bath  is  150  mM  KCI  Hanks’  solution. 
(From  McKinney  and  Gallin  (170).) 


120  mV  (and  In  the  absence  uf  external  Na),  averaged 
bingle-channel  currents  showed  time-dependent  inacti¬ 
vation.  The  bingle-channel  activity  had  complex  ki- 
neticb,  manifesting  closures  of  short  and  long  duration 
that  Indicated  the  presence  of  more  than  one  closed 
state  (170).  Single  K,  channel  curr  nts  were  blocked  by 
external  Ba  ^2.5  mM)  and,  like  whole  cell  currents,  the 
single-channel  Kj  conductance  was  proportional  to  the 
square  root  of  [K]q  (170).  The  density  of  K,  channels  in 
J771.1  cells  was  estimated  to  be  47  channels/pF  or  0.47 
channels/Mm^  assuming  a  specific  capacitance  of  1  pF/ 
cm^  (170). 

-l>  E.LptXn^.'yiutL  Macrophages  do  not  always  express 
the  K,  conductance.  Furthermoie,  channel  expression 
can  be  modified  by  external  factors,  such  as  culture  con¬ 
ditions.  For  example,  Ypey  and  Claphar  i  (290)  reported 
that  inward  rectification  was  absent  in  mouse  perito¬ 
neal  macrophages  cultured  for  up  to  4  days,  whereas 
previous  (63)  and  subsequent  (211)  studies  on  mouse 
peritoneal  macrophages  cultured  for  5  days  or  more 
demonstrated  /  Trelationships  with  piominent  inward 
rectification.  Gallin  and  Sheehy  (70)  reported  that 
J774.1  cells  that  adhered  to  a  glass  or  plastic  surface  for 
^'18  h  had  a  prominent  K,  conductance,  whereas  this 
conductance  was  either  absent  or  quite  small  in  cells 
that  adhered  for  only  a  few  hours.  Randriamampita  and 
Traut.mann  (212)  noted  that  fluid  perfusion  during 
whole  cell  patch-clamp  recordings  of  J774.1  cells  re¬ 
duced  the  K,  currents.  More  recently  it  was  demon 
strated  that  the  specific  K,  conductance  (whole  cell  con¬ 
ductance  corrected  for  leak  and  nolmali^ed  to  mem¬ 
brane  capacitance)  of  J774.1  cells  allowed  to  adhere  foi 
15  min  to  1  h  was  one- half  the  specific  K^  conductance  of 
long-term  (..^18  h)  adherent  cells  (171).  The  increase  in 
specific  K,  conductance  was  associated  with  a  shift  in  1  „ 
of  the  cells  to  more  negative  potentials,  indicating  that 
the  K,  conductance  participates  in  setting  the  cells’  rest 


ing  I’m.  These  findings  are  consistent  with  the  earlier 
observation  that  block  of  K,  depolarizes  macrophages 
(70).  In  J774.1  cells,  treatment  with  the  protein  synthe¬ 
sis  inhibitor  cyclohe.xamide  abolished  the  adherence-in¬ 
duced  augmentation  of  the  specific  K,  conductance,  sug¬ 
gesting  that  the  synthesis  of  new  channel  protein  was 
required  for  the  upregulation  of  these  channels  after 
adherence  (171). 

In  addition  to  being  affected  by  culture  conditions, 
two  reports  indicate  that  the  K,  conductance  may  be 
modified  by  specific  agonists.  A  brief  report  by  Moody- 
Corbett  and  Brehm  (178)  on  rat  thymus-derived  macro¬ 
phages  revealed  that  the  inwardly  rectifying  current 
was  reduced  by  acety  Icholine  and  muscarine.  Wieland  et 
al.  (27S)  reported  that  this  conductance,  present  in  HL60 
cells  diffeientiated  to  macrophage-like  cells  with  phor- 
bol  esters  (but  absent  from  IIL60  cells  that  were  differ¬ 
entiated  to  granulocyte-like  cells  with  retinoic  acid), 
was  inhibited  by  the  addition  of  recombinant  human 
colony  -stimulating  factor  I.  Further  studies  are  needed 
to  detei  mine  the  functional  relevance  of  this  interesting 
observation.  It  should  be  noted  that  a  recent  study  by 
McCloskcy  and  Cahalan  (169)  demonstrated  that  in  rat 
basophilic  leukemia  cells  the  K,  condacJance  is  inhibited 
by  GTP>S  (100  pM)  and  GppNIIp  (100  pM),  two  GTP 
analogues  that  activate  G  proteins.  Thus  it  is  possible 
that  colony -stimulating  factor  I  is  blocking  the  K,  con¬ 
ductance  in  HL60  cells  by  activating  G  proteins. 

H)  LARGE  CALCIUM-  AND  VOLTAGE  ACTIVATED  PO- 
TASSILM  CUNDLCTANCE.  Single-channel  patch-clamp 
1  ecordings  from  human  monocy  te-dei  ived  macrophages 
that  have  been  grown  in  culture  fur  1-6  wk  have  demon- 
stiated  a  large-conductance  K  channel  (240  pS  in  sym¬ 
metrical  K,  110  pS  in  150  mM  [Nal>/5  mM  [K]o)  (62, 166). 
Similar  channels  arc  also  present  in  human  alveolar 
macrophages  (121)  but  are  absent  in  J774.1  cells  (E.  K. 
Gallin  and  L.  C.  McKinney,  unpublished  observations) 
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and  in  the  promonocyte  cell  line  UW7  1121).  Further- 
more,  activation  of  U9:}7  cells  with  recombinant  inter¬ 
feron*!  (l,noo  r^ml).  recombinant  interferon-tiA  (1,000 
U^mh,  or  12-0-teiraciccanoylphorboM3-acetate  (TPA, 
10  iiK/inU  before  recording  from  cells  failed  to  induce 
the  expression  of  the  lar^e-conduclaiice  Ca-acti\ated  K 
(KLCa*  channels  in  excised  patches  (121). 

In  ceH-aUached  patches  from  human  monucvle- 
derived  macrophages,  the  ^  channel  a  as  active  onl> 
when  the  patch  potential  was  '  ppeil  to  verv  depolar¬ 
ized  levels  mV)  Exciseil  patch  reconlings  indicated 
that  channel  open  lime  incre.ised  with  both  membrane 
depolarization  and  increased  intracellular  Ca  concen¬ 
tration  ((Ca]j)  (t)2).  However,  this  channel  was  relatively 
insensitive  to  [Ca],,  bec'ausc  at  .’J  •  10  M  [Ca],  the  open- 
state  probability  of  the  channel  at  lOO  rnV  was  only 
0  03  f)  21  (C>S)  Thus,  in  the  macrophage,  large  increases 
in  [Ca],  (">10  ^  M)  are  required  to  activate  K|^t:a^J^*'^onels 
at  negative  membrane  potentials.  Exposing  the  c.xtra- 
celliilar  surface  nf  the  membrane  to  23  nil  chary  bdo- 
toxin  [t^'TX;  a  proteinaceous  component  of  toxin  from 
L(’hi7'us  fptihfpnsfrlnfn,^  known  to  block  Ca-activatcfl  K 
channels  in  other  cells  (173,  2()3))  or  telraethylammo- 
nium  ions  (TE A(^l;  13  mM )  abolished  Ki,t  ^ channel  activ  - 
ity  ((58). 

Whole  cell  currenis  corresponding  to  the  activ  ity  of 
Ki,,„ channels  have  been  describtd  in  human  monocyte- 
derived  macrophages  that  were  perfused  intracellularly 
with  a  saline  solution  containing  3  x  10^^  M  Ca  (68, 183). 
These  currents,  activated  during  voltage  steps  to  poten¬ 
tials  10  mV,  were  characterized  by  a  noisy  baseline 
(consistent  with  a  large  single-channel  conductance) 
and  had  tail  currents  that  reversed  at  (GO).  In  addi¬ 
tion,  either  CTX  (60)  or  TEA  (68,  183)  blocked  this 
current,  suggesting  that  whole  cell  outward  currents 
represented  the  acti'-ation  of  channels-  Randria- 
mampita  and  Trautmann  (212)  demonstrated  that  in¬ 
creasing  [f^a],  from  (II  to  1  increased  whole  ceil 
currents  in  both  J771 1  cells  and  mouse  peritoneal  mac¬ 
rophages  and  that  quinine  (0  11  mM)  markedly  reduced 
(hesp  currents  However,  unlike  the  conductance  in 
human  monocyte  derived  macrophages,  the  whole  cell 
currents  they  described  in  J774.1  cells  and  mouse  perito¬ 
neal  macrophages  showed  no  voltage  sensitivity,  mak¬ 
ing  it  unlikely  that  they  were  due  to  the  activation  of 
Ki,ca  channels. 

Membrane  hypcrpolarizalions,  rellecting  the  acti¬ 
vation  of  a  (^a-activatod  K  conductance,  were  first  de¬ 
scribed  in  m.4crophage.^  in  1973  (71,  sec  sect.  niA3ii).  A 
cell-attached  patch  clamp  study  by  Ince  et  al.  (117)  re¬ 
ported  that,  during  membrane  hyperpolarizations  in¬ 
duced  by  niicrodectrude  impalement,  the  voltage  range 
of  acliva»I»n  of  the  channels  .shifted  so  that  they 
were  open  ^'0^  of  the  time  at  potentials  of  0  to  -20  mV. 
Nevertheless,  studies  using  Fa-indicator  dyes  have  re¬ 
ported  [Fa],  increases  after  physiological  stimulations 
that  are  too  low  Jn  the  range  of  0.2  1  ^M)  (32, 129)  to 
activate  channels  at  negative  Therefore  it  is 
not  clear  whether  K|,ea  channels  are  normally  activated 
under  conditions  of  physiological  stimulation,  either  the 


[Ca],  sensitivity  of  the  Kl,Ca  channels  is  different  in  situ 
from  that  of  the  excised  patch  or  these  channels  open 
rarely  during  stimulation.  Alternatively,  the  K^^ca  con¬ 
ductance  may  function  in  intracellular  compartments 
where  [Ca]j  levels  may  be  high. 

Hi)  CALCIUM-ACTIVATED  INWARDLY  RECTIFYING 
POTASSIUM  CONDUCTANCE.  Gallin  (63)  has  demon¬ 
strated  in  cell-attached  patches  from  cultured  human 
m*icrophages  that  both  ionomycin  (Fig.  2)  and  platelet- 
activating  factor,  two  substances  know'n  to  transiently 
increase  [Ca]„  induced  bursting  channel  activity  that 
was  very  different  from  channel  activity.  In  these 
studies,  the  induced  currents,  which  were  permeable  to 
K  and  poorly  permeabh*  to  Na  and  Gl,  had  single-chan¬ 
nel  conductances  (with  150  mM  KCl  in  the  pipette)  for 
invv ;  I  currents  of  37  pS;  channel  activation  vvas  inde¬ 
pendent  of  voltage.  Similar  channels  have  been  de¬ 
scribed  in  human  alveolar  macrophages  (120a). 

The  Ca-activated  inwardly  rectifying  K  (Ric.i) 
channel  in  cultured  human  macrophages  can  be  differ¬ 
entiated  from  the  Kj  channel  on  the  basis  of  its  Ca  sensi- 
tiv  ity ,  its  conductance  (37  vs.  29  pS  for  inward  currenis), 
its  kinetics  (bursting  vs.  nonbursting),  its  lack  of  voltage 
dependence,  and  its  differing  sensitivity  to  block  by  c.x- 
ternal  Ba.  Three  millimolar  Ba,  a  concentration  that 
completely  blocked  the  voltage-dependent  Kj  channel 
(170),  did  not  significantly  block  the  Kjca  channel  al  the 
resting  and  produced  only  a  partial  block  when  the 
patch  vvas  hyperpolarizcd  (63). 

An  inw  ardly  rectifying  K  channel,  the  open  proba¬ 
bility  of  which  vvas  independent  of  voltage  but  depen¬ 
dent  on  [Ca]i,  also  has  been  reported  in  excised  inside- 
out  patches  from  U937  cells  (121)  and  in  cell-attached 
patches  from  mouse  peritoneal  macrophages  after  ex¬ 
posure  to  100  fxM  ATP  (104).  In  contrast  to  the  findings 
in  human  macrophages,  the  single-channel  conductance 
in  patches  from  U937  cells  and  from  mouse  peritoneal 
macrophages  was  only  25*28  pS  at  voltages  between  -40 
and  100  mV.  Similar  Ca-activated  inwardly  rectifying 
K  channels  with  single-channel  conductances  for  in¬ 
ward  current  ranging  from  50  tu  25  pS  have  been  de¬ 
scribed  in  lymphocytes  (160),  crythroevtes  (98),  and 
HeLa  cells  (227,  228). 

Both  spontaneous  and  Ca  ionophore-induced  oscil¬ 
latory  membrane  hyperpolarizations  have  been  re¬ 
corded  in  macrophages  using  intracellular  microelcc- 
trodes  (71,  201),  and  it  is  likely  that  channels 
(rather  than  Kj^ca  channels)  are  responsible  for  these 
events  because  i)  the  K|ca  channel  is  active  at  the  rest¬ 
ing  Vjn  after  exposure  to  ionomycin,  whereas  the  Kj^ca 
channel  is  not,  2)  the  bursting  pattern  of  the  Kjca  chan¬ 
nel  is  oscillatory  ,  and  2}  the  activity  of  the  Kjca  channel 
is  associated  with  the  oscillatory  changes  in  induced 
by  ionomycin. 

As  noled  in  the  previous  section,  Randriamampita 
and  Trautmann  (212)  reported  a  linear  increase  in 
membrane  conductance  in  whole  cell  recordings  of 
J771.1  cells  and  murine  peritoneal  macrophages  ob¬ 
tained  under  conditions  of  high  [CaJ^,  which  they  con¬ 
cluded  vvas  due  to  a  voltage-insensitive  Ca-activated  K 
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Flu.  2.  lunuiiMLin  indui.L’il  K  ch<inntl:>  iri  human  macru|jha^c:>.  .1.  chart  rucuftlcr  tracin>t  uf  current  rccurdci!  from  ccii-attachcd  patch  in 
vshich  cell  vttiif  c.\pU5L’J  first  tu  U.l  ^  dinieth.\l  sulfu.culc  iDMSU/  and  then  10  ^  M  lununi^cin  frum  perfustun  pipette.  Pulcniiai  across  patch  i.sas 
C4ual  tu  resting  inemhrane  putenliah  eell  bathed  in  150  inM  NaCl  Hanks  suiuliun.  Patch  electrode  contained  lot)  niM  KCl  Hanks' solution. 
K,  channel  activity  ^\as  evident  befure  e.\pusurc  of  cell  tu  either  agent  and  can  be  .seen  in  c.\panded  time  and  voltage  scale  in  middle  current 
tracing.  After  lunom^cin  «.ddition,  Ca  activated  inv\.irdl>  rectifying  K  iK|^>  channels  vverc  activated  ami  could  be  seen  in  eApanded  time  and 
voltage  scale  in  bottom  tracing.  B.  cur  rent-  vultage  i/  1  >  relai.unshipshuvving  mward  rectification  of  lunoiii^cin  induced  channels.  Single-chan¬ 
nel  conductance  for  inward  currents  -  37  pS.  [From  Gallin  (63).) 


cunduclanct:.  Although  it  pobbihle  that  thib  conduc¬ 
tance  ab  due  to  the  iictlv ation  of  K, channulb,  the  fact 
that  the  conductance  reported  hy  Randriamampita  and 
Trautmann  (212>  bhotved  no  lectification  argueb  againbt 
this  possibility. 

IVj  INACTIV A'^ING  UUTOARD  POTASSlUr-i  CHANNEL. 
An  inactivating  outward  K  conductance  hab  been 
debcrihed  at  the  whole  cell  current  level  in  rebident 
moubc  peritoneal  macrophagcb  (200>,  cultured  human 
blood-derived  monoc>teb  (183,  185),  cultured  human  al¬ 
veolar  macrophagcb  (1S4),  and  two  macrophage  like  cell 
lines,  J774.1  (70,  212;  and  P388D1  (2-15;.  Thib  conduc¬ 
tance  activated  at  potentialb  pobitive  to  50  mV. 
Current  activation  had  a  time  courbe  that  fit  firbt-order 
kineticb  with  a  time  cunbtant  that  decreabed  for  btepb  to 
more  depolarized  potentialb  (183;.  Inactivation  of  the 
current  albo  could  be  fit  a  bingle  exponential  with  a 
time  conbtant  ( ^540  mb;  that  wab  inbenbitive  to  voltage 
fur  potentialb  pobitive  to  20  mV  (70;.  The  currentb 
were  blocked  extracellular  1-aminupi  ridine  (4-AP, 
-^5  mM;  and  b>  intracellular  Ba,  Cb,  and  TEA  (70, 183, 
290).  External  TEA  (10  mM;  albo  partially  blocked  the 
current  (290;.  Similar  outward  currentb  have  been  de- 
bcribed  in  detail  in  T  l>mphoc^  teb  (17;  and  are  dibcubbcd 
in  bcction  IVAi.  Ype>  and  Clapham  (290;  recorded  a  16- 
pS  channel  in  outbide-oui  excibcd  patchcb  under  condi¬ 
tions  of  asymmetric  K  (140  mM  in  pipette,  2.8  mM  in 
bath;  that,  during  depolarizing  voltage  steps,  was  acti¬ 
vated  In  a  time  dependent  manner  similar  to  the  whole 
cell  Ko  currents. 

There  is  no  consistent  pattern  of  channel  expres¬ 
sion  across  different  t^pes  of  macrophages,  it  vvas  re¬ 
ported  In  onl>  5^;  of  the  recordings  from  cultured 
blood  derived  human  niunuc^tes,  whereas  it  was  noted 
in  oQ7(.  of  the  recordings  from  cultured  human  alveolar 


macrophiiges  (18-i;.  Furthermore,  for  a  given  tjpe  of 
macrophage,  the  conductance  appears  to  be  variably 
expressed  with  time  in  culture.  For  example,  in  J774.1 
cells,  Kq  currents  were  described  in  a  percentage  of  cells 
recorded  from  1-8  h  after  adherence  but  were  rarely 
present  in  cells  from  long-term  adherent  cultures  (70). 
ype>  and  Clapham  (290;,  using  resident  mouse  perito¬ 
neal  macrophages,  reported  that  Ko  conductance  was 
absent  during  the  Ist  daj  after  isolation  but  w  as  present 
in  9G7t  of  cells  cultured  14  da>s.  Randriamampita  and 
Trautmann  (212;  also  recorded  outward  currents  in 
mouse  peritoneal  macrophages  cultured  for  1  -2  days  but 
found  that  the  currents  decreased  after  5-6  days  in  cul¬ 
ture.  Interestingly,  in  those  cells,  fluid  movement 
caused  by  perfusing  the  bathing  medium  increased  the 
outward  K  current  (212;,  whereas  the  addition  of  2  mM 
A'-formyl-methionine-leucine-phenylalanine  (FMLP,  a 
chemotactic  peptide;,  histamine  (20  mM;,  bradykinin 
(20  mM;,  and  acetylcholine  (50  ^iM;  had  no  effect  on  the 
Ko  current  (290;.  (However,  it  should  be  noted  that 
mouse  macrophages  do  not  respond  to  FMLP.)  Finally, 
Nelson  and  colleagues  reported  that  in  human  blood- 
derived  monocytes,  phorbol  esters  decrease  the  ampli¬ 
tude  of  the  Ko  current  (185;  and  that  treating  cells  for  24 
h  with  bacterial  lipolysaccharidc  (LPS;  increased  the 
percentage  uf  cells  expressing  Ko  current  from  near  0% 
to  307^  (120). 

V;  POORLY  INACTIVATING  OUTWARD  POTASSIUM 
CHANNEL.  A  second  outward  K  conductance  has  been 
reported  in  a  whole  cell  patch-clamp  study  of  cultured 
human  bloud-derivcd  monocytes  (183;.  This  conduc¬ 
tance,  noted  in  the  majority  of  the  cells  studied,  acti¬ 
vated  at  voltages  more  po;>itive  than  10  mV  and  exhib¬ 
ited  no  steady  slate  inactuation  for  holding  potentials 
of  60  to  0  mV.  Inactivation,  present  for  voltage  steps 
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^0  mV,  cuuld  bu  fit  b>  a  single  cxpuncntlal  with  a  timu 
cuni>tanl of  951  at  10  inV.  However,  unlike  the  inacti¬ 
vating  Ko  conductance,  little  cumulative  inactivation  of 
the  poorly  inactivating  outward  K  (K02)  conductance 
wa:>  noted.  Intracellular  blocked  the  current,  a^  did 
extracellular  TEA  (1  mM).  Thib  current  ii>  similar  to  the 
blowl>  inactivating  conductance  that  activates  at 
voltages  of  >0  mV,  which  has  been  described  in  murine 
T  lymphocytes  (37;  see  sect.  ivAl). 

2,  Chloride  conductances 

Three  different  Cl  conductances  have  been  de¬ 
scribed  at  the  single-channel  level  in  excised  patch- 
clamp  studies  of  macrophages.  At  the  whole  coll  level, 
Nelson  ct  al.  (183)  reported  an  outward  current  in  hu¬ 
man  monocyte-derived  macrophages  under  conditions 
where  the  patch  electrode  contained  cither  Cs  or  Na  in¬ 
stead  of  K.  The  authors  concluded  that  this  current  was 
probably  a  Cl  current  because  i)  its  amplitude  was  re¬ 
duced,  and  its  reversal  potential  shifted  when  Cl  was 
replaced  with  the  anion  aspartate;  and  2)  it  was  blocked 
by  the  anion  channel  blocker  4-acetamido-4-isothio- 
cyanostilbene-2,2-disulfonic  acid  (SITS;  1  mM).  How¬ 
ever,  it  is  not  clear  w'hcther  this  whole  cell  current 
corresponds  to  any  of  the  three  Cl  channels  described  in 
single-channel  studies. 

I)  LARGE-CONDUCTANCE  CHLORIDE  CHA>JNEL.  A 
very  large-conductance  Cl  (CbJ  (180-390  pS;  channel 
was  first  reported  in  mouse  peritoneal  macrophages  by 
Schwarze  and  Kolb  (236)  and  has  been  described  more 
recently  in  excised  patches  from  two  macrophage-like 
cell  lines,  J774.1  (212)  and  U937  (121).  This  channel  is 
very  similar  to  the  large  Cl  channel  described  in  rat 
skeletal  myotubes  (9),  lymphocytes  (12,  167,  195),  and 
other  cells.  In  mouse  peritoneal  macrophages,  Cl|,  chan¬ 
nel  activity  was  absent  in  cell-attached  patches  but  be¬ 
came  activated  when  cells  were  exposed  to  the  Ca  iono- 
phorc  A23187  or  when  the  patch  was  excised  (236).  Simi¬ 
lar  findings  were  reported  by  Randriamampita  and 
Trautmann  i212;  in  both  moubc  peritoneal  macrophages 
and  J774.1  cells,  where  the  channel,  rarely  active  in  cell- 
attached  patches,  was  freciuently  seen  in  excised 
patches.  In  both  mouse  peritoneal  macrophages  (236; 
and  U937  cells  (121),  after  e.\cision  of  the  patch  a  lag 
occurred  before  the  Cli,  channels  were  observed.  This 
obse»*vation  has  led  Kannu  and  Takishima  vl21;  to  pro¬ 
pose  the  existence  of  an  in  situ  factor  that  inhibits  these 
channels. 

The  CIi,  channels  in  mouse  peritoneal  macrophages 
iiad  a  selectivity  ratio  for  Cl  over  Na  of  5.1  (236;  and  a 
Cl-to-cation  permeability  ratio  of  between  14  and  5 
(212;.  Multiple  subconduclance  stales  of  the  Cl^ channel 
were  noted  in  both  mouse  peritoneal  macrophages  (236; 
and  U937  cells  (121;.  In  U937  cells  the  subconductance 
states  vvere  unaffected  by  the  pH  buffers  *Y-2-hydrox- 
y cthy  lp;pcrazine-A”'2'ethancsulfonic  acid  (HEPESi, 
tns(hydroxyinelhyl;aminomethane  (Tris;,  or  A%V  bis- 
( hydroxy  cthy  1 1*2  ami  noethanesulfunic  acid  (BE3;,  and 


neither  intracellular  pH  (pH,)  nor  Ca  affected  the  open 
probability  of  the  channel  or  the  frequency  of  appear¬ 
ance  of  the  subconductance  states  (121;.  Kanno  and  Ta¬ 
kishima  (121;  reported  that  in  U937  cells,  the  anion 
transport  blocker  4,4‘-diisothiocyanostilbene-2,2'-disul- 
fonic  acid  (BIDS,  100  ^iM;  produced  a  flickcry  block  of 
channel  activity ,  whereas  increasing  BIDS  to  ImM  irre¬ 
versibly  blocked  the  channel. 

The  CIj^  channel  exhibited  complex  bursting  behav¬ 
ior  with  at  least  three  kinctically  distinguishable  non¬ 
conducting  states  (236).  Channel  ac*^ivity  (in  symmetri¬ 
cal  saline  solution)  could  be  induced  by  stepping  to  hold¬ 
ing  potentials  on  either  side  of  0  mV  but  were 
inactivated  subsequently  with  the  rate  of  inactivation 
increasing  as  the  magnitude  of  the  voltage  jumps  in¬ 
creased  (236).  Randriamampita  and  Trautmann  (212) 
reported  a  somewhat  different  behavior  for  the  CI^ 
channel  in  both  mouse  peritoneal  macrophages  and 
J774.1  cells  in  that  the  probability  of  channel  opening 
was  high  at  positive  potentials  (up  to  40  mV)  and  de¬ 
clined  at  hyperpolarized  potentials  or  when  the  patch 
was  depolarized  beyond  40  mV. 

The  Cli,  channel  has  been  modeled  using  two  volt¬ 
age-sensitive  gates  in  series  to  describe  the  voltagc-dc- 
pendcncc  of  the  burst  kinetics  for  the  channel  (236). 
Schwarze  and  Kolb  (236)  suggested  that  the  voltage-de¬ 
pendent  gating  properties  of  the  Clf,  channel  resemble 
the  properties  of  voltage-dependent  gap  junctions  and 
that  the  Cli,  channel  may  play  a  role  in  intercellular 
communication.  However,  octanol,  a  blocker  of  gap 
junction  channels,  does  not  block  these  channels,  sug¬ 
gesting  that  they  are  not  related  to  gap  junction  chan¬ 
nels  (212). 

Although  cell-attached  patch  experiments  indi¬ 
cated  that  this  channel  is  quiescent  in  resting  cells,  Clg, 
channels  were  elicited  by  perfusing  mouse  peritoneal 
macrophages  with  zymosan  (a  particulate  fraction  of 
yeast  cell  wall  that  macrophages  can  ingest)  during  cell- 
attached  patch  recordings  (125,  258). 

II)  INTERMEDIATE-CONDUCTANCE  CHLORIDE  CHAN¬ 
NEL.  In  addition  to  the  Clj,  channel,  two  other  smaller 
conductance  Cl  channels  w  ere  noted  10  s  to  several  min¬ 
utes  after  c.xcising  patches  from  U937  cells  (121).  In  sym¬ 
metrical  150  mM  NaCl,  an  intermediate  Cl  channel  (Cl,) 
that  exhibited  outward  rectification  and  had  a  chord 
conductance  of  17  pS  between  0  and  100  mV  was  ob¬ 
served  in  c.\cise  patches.  The  channel  had  a  Cl-to-Na  or 
K  permeability  ratio  of  1.8,  which  is  similar  to  the  cat¬ 
ion/anion  selectivity  of  the  Clj^  channel,  and  although 
the  permeability  sequence  for  anions  was  not  examined 
in  this  study,  the  authors  reported  that  the  Cl,  channel 
was  less  permeable  to  CHaSOa  than  to  Cl  (121).  Channel 
activity,  which  appeared  in  bursts,  decreased  with  in¬ 
creasing  membrane  depoIarizp.liun  or  hyperpolariza- 
tiun,  butchcinnels  were  generally  more  active  at  positive 
potentials  than  at  negative  potentials.  Stability  plots  of 
channel  activity  suggested  that  al  least  two  modes  of 
channel  behavior  were  present.  Neither  changes  in  (CaJ 
nor  pll,  affected  ui»cn  probability  or  moding  behavior. 
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In  aJililiun,  DIDS  ilO  100  bluckud  thib  channel  in  a 
duse-dependent  re\ursible  manner. 

nil  cjMALU  UNDtCTANCL  CHLuKIUE  CHANNEL.  A 
:>inall  Ci  channel  \\ilh  a  ^lupe  cunduclance  uf  15  pS  atO 
mV  in  i^vmmelrical  150  mM  NaCl  wa^  albu  nuted  in  c\ 
cised  palchc2>  frum  U93T  cells  il21i.  The  channel  CI  to 
^v^l  permcabiliu  raliu  ivas  15.G.  lhui>  the  small  cumluc 
lance  CI  tCl^i  channel  I.aJ  a  greater  aniun  lu  catiun  ^e 
lectio  il>  than  the  uther  Cl  channels  described  in 
macrophages.  It  also  was  insensitive  to  [CaJj  and  was 
less  voltage  sensitive  tha..  the  Cl,  channel. 

JL  Ximstlcclivt  l  aiUm  amdnclance(:il 

Tv\u  AludleS,  one  measuring  single  channel  cur 
rents  and  the  ulKcr  measuring  i\hole  cell  currents,  sug 
gested  that  niacruphageS  possess  Xsonselective  cation 
channels-  Liptun  (155i  described  an  increase  in  single- 
channel  activity  In  cell  attached  patches  from  the  mu 
rinc  macrophage  cell  line  PSSSDl  after  c.xpusure  to  im 
manuglubulln  G2b  iIgG2bj  or  to  immune  cumple.xes  but 
not  «ifler  e.\posurc  to  «tscites  fluid  v^ith  IgG2a.  E.xcised 
patches  from  cells  that  had  been  e.\pused  to  antibody 
rc^^ealed  similar  channel  acti^it>  that  v\as  unaffected  b\ 
ionic  substitutions  of  Ka,  K,  or  Cs.  Channel  activ  it>  w  ith 
several  dtiferent  conductances  v\as  noted,  including  one 
ranging  from  35  to  45  pS  and  anotlier  ranging  from  120 
to  1.50  pS.  The  reversal  potential  of  the  channels  under 
conditions  of  a  flvtTold  salt  gradient  across  the  patch 
mdicated  that  these  channels  v\ere  permeable  to  tuitions 
but  nut  to  «inions.  Channel  activity  Incre^ised  signlfl- 
cantl>  vvhen  [Ca],  v\as  raised,  supporting  the  view  that 
the  channels  were  Cti  gated.  These  ubser\ations  are 
quite  interesting,  but  unf^ortunateb,  thc>  have  not  been 
confirmed  or  cxtcr.Jcd. 

Sluwb  activating  outv\ard  currents  veerc  reported 
in  uhule  cell  patch  recordings  from  cultured  human 
blood  derived  nionucvtes  during  voltage  steps  to  >^20 
mV  4lS3i.  These  currents  were  inhibited  b\  external  Zn 
4 1  100  /iM}  and  v\cre  present  when  the  patch  pipette 
contained  Cs,  K,  or  'la.  In  addition,  substitution  of  Cl  for 
aspartate  or  gluconate  did  not  alter  the  cuircnt  ampli¬ 
tude,  leading  the  authors  to  conclude  that  It  was  a  nun 
Selective  c<ilion  currenL  Because  the  currents  activated 
at  ver.v  posilive  potentials,  it  seems  unlikel>  ihiil  thc> 
repri^scnt  activation  uf  the  channels  described  b> 
Lipton  (155). 

4.  Candnclantcs  induced  by  s^Krijic  liyatuh  nr  cell 
functimiii 

li  AUhNfislNL  IRlI-husPHArE.  Extracellular  ATP 
4 100  1,000  permeablli^cs  the  membrane  tif  murine 
macrophages  and  J774.1  cells  to  cations  (261)  or  to  small 
(<061  Da)  memhranc-impcrmcant  molecules,  such  as 
Lucifer  yellow  (262).  The  enhanced  permeability  docs 
not  involve  hydrolysis  of  ATP  by  an  ecto-ATPase.  be¬ 
cause  addition  of  Mg  (which  is  required  for  ATPasc  ac- 


livilj;  Inhibited  pcrmcabilizatiun,  and  the  puorh  h> 
drolyzable  ATP  analogue  ATP7S  (in  the  presence  of  1 
niM  EDTA)  also  increased  cation  efflux  (261, 264).  Fur¬ 
thermore,  b\  growing  J774-1  cells  in  the  presence  of 
ATP,  an  ATP  clone  of  J774.1  cells  w  as  obtained  that  had 
normal  ecto- ATPasc  activity  but  failed  to  rcsiiond  to 
ATP  vvith  an  increase  in  permeability  (262).  Similar 
ATP  induced  permeabilltv  changes  have  also  been  dem¬ 
onstrated  in  rat  mast  cel!.<  i30l  and  In  chronic  lympho¬ 
cyte  leukemic  cells  (279). 

Whole  cell  patch-clamp  techniques  have  demon¬ 
strated  that  ATP  pcrmcabilization  is  associated  with  a 
rapid  nicmtrane  depolarization  and  an  increase  in 
membrane  conductance  (16).  Unfortunately,  cclNat- 
tached  patches  with  ATP  in  the  imtch  electrode  did  not 
reveal  single-channel  currents  1I61.  Therefore  further 
studies  are  required  to  determine  w  hether  ATP  dirceth 
activates  a  membrane  channel  or  v^hether  itsecundarib 
reicciscs  an  intracellular  signal  that  opens  a  channel. 

Thf’  physiological  significance  of  the  ATP- induced 
conductvince  Is  unknown.  It  is  likelv  that  macrophages 
are  exposed  to  e.xogenous  ATP,  because  they  arc  often 
present  at  sites  of  cell  injury  and  with  cells,  such  as 
platelets,  the  secretory  granules  of  which  contain  ATP. 
The  ATP-induced  permcabilization,  therefore,  is  likely 
to  occur  under  physiological  circumstances  and  may  lie 
imfiurtantin  rcimlating  the  subsequent  resfHinses  of  the 
macrophage. 

ill  PHaijUCATuSIS.  Phagocytes  ingest  particles 
through  receptors  for  the  Fc  domain  of  IgG,  as  well  as 
through  complement  receptors  or  through  non-rccep- 
lor -mediated  mechanisms  4252i.  The  ionic  rc«iuircnients 
or  signaling  events  that  underlie  different  kinds  of 
phagocytosis  can  differ.  For  c.\amplc,  GJhi’-mediated 
phagocytosis  occurs  at  very  low  levels  of  free  [CaJ, 
whereas  Fc-mcdialcd  phagocytosis  is  inhibited  by  those 
cundtUons  1 144 1.  The  role  of  ionic  conductances  in  phago- 
cy  tosis  h.is  best  been  studied  during  Fc-.acdiiilcd  phago- 
cytusis,  where  evidence  exists  that  ionic  conductances 
arc  activated  during  phagocytosis  and  that  the  Fc  re¬ 
ceptor  itself  may  be  an  ionic  channel.  However,  as  dis¬ 
cussed  next,  these  results  arc  somcwhatconlrovcrsiaL 

In  the  lirstof  a  series  of  studies  on  the  Fc  receptor. 
Young  et  al.  «286i,  using  teiraphcnylphosphonium  ions 
tTPP"#  to  indirectly  monitor  dcmonstralcd  that  the 
binding  and  cross-linking  of  the  y2b/yi  Fc  receptor  by 
IgG  or  immune  complexes  dc|)oIanzed  J774.1  cells.  The 
dciKiIarizalion  required  a  multivalent  Fc  ligand  and  was 
dependent  on  external  Na.  In  a  related  study,  in  which 
purified  72b/yl-Fc  receptors  were  inserted  into  lipid 
vesicles.  ligand  binding  to  an  Fc  receptor  containing 
protcoliposomes  increased  cation  pcrmeabiiily  (287).  Fi¬ 
nally.  Young  ct  al.  dcmonstratctl  that  adding  li¬ 
gand  to  Inlay  ers  c^miaining  Jic  Ft  receptor  Induccfl  cat¬ 
ion  sclecltvc  ion  channels  ih.it  had  a  conductance  of  60 
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pS  in  symiuftriLul  1  M  KCl  and  that  inactivated  several 
minutes  after  the  addition  of  ligand. 

If  the  Fc  receptor  complex  is  an  ionic  channel,  then 
it  follows  that  ionic  currents  should  be  evident  during 
electrophysiological  recordings  from  cells  that  are  in¬ 
ternalizing  IgG-coated  particles  or  aggregated  IgG 
(aIgG).  Sev  eral  studies  directly  monitored  channel  activ  - 
itj  in  Intact  maciophages  or  macrophage  membranes 
before  and  after  addition  of  aIgG.  Nelson  et  al.  (182) 
recorded  whole  cell  currents  as  well  as  single  channels 
in  human  alveolar  macrophages  exposed  to  aIgG.  The 
application  of  aIgG  to  cells  during  whole  cell  recordings 
produced  an  inward  current  that  diminished  with  suc¬ 
cessive  applications  of  aIgG,  indicating  that  the  re¬ 
sponse  desensitized.  In  cell-attached  patches,  channel 
activity  was  noted  only  when  the  electrode  contained 
aIgG  and  not  when  aIgG  was  applied  to  the  bath.  The 
channels  had  a  unitary  conductance  of  350  pS  in  symmet¬ 
rical  140  mM  NaCl  Hanks’  solution.  Changing  the  per¬ 
meant  cation  from  Na  to  K  did  not  affect  the  reversal 
potential,  indicating  that  if  the  channel  was  a  cation 
channel,  it  was  nonselective.  Unfortunately,  similar  re¬ 
sponses  have  not  been  noted  in  patch-clamp  studies  of 
J774,l  cells  exposed  to  ligands  that  bind  to  and  cross¬ 
link  the  Fc  receptor  (D  J.  Nelson,  personal  communica¬ 
tion),  In  addition,  there  is  a  significant  difference  be- 
tw'een  the  value  of  conductance  obtained  in  this  study 
(350  pS  in  physiological  saline)  and  that  obtained  by 
Young  et  al.  (288)  on  the  isolated  Fc  receptor  (60  pS  in 
symmetrical  1  M  KCl). 

The  Fc  receptor-ligand  complex  may  indirectly  ac¬ 
tivate  ionic  channels  through  a  second  messenger  (H4, 
155)  As  discussed  in  section  IIL4^?,  when  IgG2b  was 
added  to  the  bath  during  a  cell-attached  recording  from 
P388D1  cells,  multiple  single-channel  current  ampli¬ 
tudes  were  evident,  representing  either  several  differ¬ 
ent  types  of  channels  or  a  single-channel  type  with  dif¬ 
ferent  subconductance  states;  the  smallest  channels  had 
conductances  of  35-45  pS  and  w'ere  cation  selective  (155). 
Channel  activity  could  be  maintained  after  excision  of 
the  patch,  and  activity  was  modulated  by  changes  in 
[Ca],  Lipton  (155)  suggested  that  these  channels  are  ac¬ 
tivated  by  [Ca]j  increases  that  occur  after  binding  and 
cross-linking  of  the  Fc  receptor.  Using  a  similar  experi¬ 
mental  protocol  in  patch-clamp  recordings  from  cul¬ 
tured  human  macrophages,  Ince  et  al  (114)  demon¬ 
strated  transient  changes  in  background  current  along 
with  the  activation  of  several  types  of  channels  with 
conductances  ranging  from  26  to  163  pS  after  ingestion 
of  either  IgG-coated  or  unopsonized  latex  beads.  In  this 
study  some  of  these  channels  reversed  near  but  the 
ionic  selectivity  of  these  channels  was  not  investigated. 

In  contrast  to  these  studies,  Randriamampita  and 
Trautmann  (212)  reported  that  ion-channel  activation 
does  not  necessarily  occur  during  Fc-mediated  phagocy¬ 
tosis;  during  w'hole  cell  patch-clamp  recordings,  expo¬ 
sure  of  murine  macrophages  to  aIgG  or  to  the  monoclo¬ 
nal  antibody  2.4G2  did  not  induce  membrane  currents. 
In  addition,  resting  values  obtained  from  whole  cell 
recordings  immediately  after  macrophages  ingested  op¬ 


sonized  erythrocytes  were  identical  to  those  obtained 
before  phagocytosis.  Thus  they  concluded  that  Fc-me¬ 
diated  phagocytosis  can  occur  under  conditions  where 
no  detectable  conductances  are  activated.  These  find¬ 
ings  agree  with  the  observations  of  Gallin  (63)  in  which 
intracellular  recordings  from  mouse  peritoneal  macro¬ 
phages  before  and  during  ingestion  of  opsonized  erythro¬ 
cytes  indicated  that  phagocytosis  occurred  without  any 
changes  in  or  input  resistance.  The  discrepancies  be- 
tween  these  observations  and  those  already  discussed 
indicate  that  the  Ionic  events  associated  with  Fc-me¬ 
diated  phagocytosis  are  still  unresolved. 


5.  Physiological  role  of  iwdc  conductances 

I)  SETTING  MEMBRANE  POTENTIAL.  The  resting 
of  the  macrophage  or  of  any  other  cell  influences  cell 
function  by  affecting  the  gating  of  voltage-dependent 
ion  channels,  the  diffusion  of  ions  through  non-vokage- 
gated  channels,  and  the  transport  of  ions  and/or  sub¬ 
stances  that  use  ions  as  cotransporiers.  The  relation¬ 
ship  between  resting  and  ionic  permeability  has  been 
studied  most  thoroughly  by  Ince  et  al.  (116j  in  human 
monocytes.  Using  ion-substitution  experiments,  they 
demonstrated  that  the  intracellular  content  of  Na,  K, 
and  Cl  in  human  monocytes  is  21, 122,  and  103  mM,  re¬ 
spectively,  and  that  resting  is  dependent  on  external 
K  for  [K]  >  10  mM.  [It  should  be  noted  that  the  value  of 
103  mM  for  [Cl],  is  surprisingly  high  and  differs  consider¬ 
ably  from  the  values  of  44  and  36  niM  for  J774.1  and 
HL60  cells,  respectively  (173, 216aj.^  Below  10  mM  K  the 
Cl  permeability  also  affected  whereas  changing 
[Na]o  had  no  effect  on  resting  Thus  in  human  mono¬ 
cytes  and  in  monocyte-derived  macrophages  where  rest¬ 
ing  Fm  values  ranging  from  -30  mV  to  -56  mV  have 
been  reported  (68, 116, 118, 183),  both  Cl  and  K  conduc¬ 
tances/transporters  participate  in  setting  In  addi¬ 
tion,  the  Na-K  pump  contributes  between  -7  and  —11 
rnV  to  the  resting  F^  of  macrophages  (66). 

When  present  in  macrophages,  the  Kj  conductance 
plays  a  role  in  maintaining  the  F,^  close  to  -7k.  Support 
for  this  conclusion  comes  from  the  finding  that  macro¬ 
phages  exhibiting  this  conductance  had  resting  F^,  val¬ 
ues  closer  to  ^k  l^han  macrophages  that  did  not  express 
this  conductance  (65,  68,  70,  212)  and  that  Ba  (2.5  mM), 
which  blocks  the  Kj  conductance,  depolarized  J774.1 
cells  by  «>20  mV  (70).  Furthermore,  in  J774.1  cells,  the 
presence  of  this  conductance  was  associated  with  a  shift 
in  the  resting  F^^  to  more  hyperpolarized  levels  (171).  In 
macrophages  in  which  the  Kj  conductance  sets  the  rest¬ 
ing  Fm,  a  small  inward  current  that  might  be  produced 
by  the  activation  of  a  specific  conductance  or  a  nonspe¬ 
cific  leak  conductance  can  result  in  two  stable  states  of 
resting  membrane  (-28  and  -80  mV)  (65).  This  phenom¬ 
enon,  which  is  related  to  the  steep  voltage  dependence  of 


^  This  discrepancy  may  be  due  to  the  fact  that  the  [ClJj  in  human 
monuc>teb  was  measured  in  IlCOa-free  medium  t71a). 
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the  K,  conductance,  hub  ulbu  been  reported  in  rut  bubu- 
philic  leukemia  cellb  (154)  and  in  cardiac  Purkinje  fibers 
(60)  and  may  be  functionally  important. 

Although  the  K,  conductance,  if  present,  plays  a  sig¬ 
nificant  role  in  setting  the  resting  of  the  cells,  it 
should  be  noted  that  other  K  conductances  may  also  con¬ 
tribute  to  the  resting  For  example,  Ypey  and  Cla- 
pham  (290)  reported  that  mouse  peritoneal  macro¬ 
phages  cultured  for  21  h  displayed  only  a  Ko  conduc¬ 
tance,  not  a  K,  conductance,  and  these  cells  had  resting 
T  m  values  of  80  to  90  mV  (equal  to  Because  the 
Kj)  conductance  was  reported  to  activate  at  potentials 
positive  to  -60  mV,  it  is  not  clear  which  K  conductance 
established  the  resting  1  ^  in  these  cells. 

In  macrophages,  as  in  other  cell  types,  affects 
voltage-dependent  ionic  conductances  and  other  trans¬ 
port  processes  that  depend  on  ionic  gradients,  such  as 
Na-dependent  arnino  acid  transpo*t.  Seveial  studies 
have  examined  the  phagocytic  ability  and  the  NADPH 
oxidase  activity  of  macrophages  depolarized  by  high-K 
medium  to  determine  if  a  negative  is  required  for 
these  processes.  Pfefferkorn  (203)  reported  that  JT74.1 
cells  ingest  the  opsonized  protozoan  parasite  T.  gondii 
normally  in  120  mM  K  medium  (which  depolarizes  mac¬ 
rophages  to  near  0  mV,  unpublished  observations). 
Phagocy  tosis  of  unopsonized  zymosan  by  murine  perito¬ 
neal  macrophages  also  occurs  normally  in  high-K  me¬ 
dium,  although  high-K  medium  does  prevent  the  induc¬ 
tion  of  phospolipase  activity  that  normally  occurs  after 
ingestion  of  zymosan  (1).  Depolarization  by  high  K  does 
not  induce  superoxide  release  in  mouse  peritoneal  mac¬ 
rophages,  nor  does  it  interfere  vv  ith  the  release  of  super¬ 
oxide  induced  by  phorbol  myristate  acetate  (PMA) 
(123;.  Similar  results  were  noted  when  FMLP-induced 
superoxide  release  was  measured  in  guinea  pig  alveolar 
macrophages  depolarized  by  incubation  in  110  mM  K/35 
mM  Na  medium.  In  these  cells,  increasing  [K]^  to  112 
mM  (and  decreasing  [NaJ^  to  4  mM)  decreased  superox¬ 
ide  production  by  2571,  but  thL  lecrease  was  due  to  the 
[Na]<,  decrease  rather  than  to  the  increase  in  [K\  (110). 

n)  OSCILLATIONS  IN  MEMBRANE  POTENTIAL.  Intra¬ 
cellular  microelectrode  studies  have  shown  that  both 
human  and  murine  macrophages  exhibit  spontaneous 
and  electrically  or  mechanically  induced  oscillations  in 
Vjjy  from  a  level  of  30  or  40  mV  to  potentials  near  Ei^ 
(approximately  SO  mV)  (  IS,  71).  In  addition,  hyperpo¬ 
larizations  that  sometimes  oscillate  can  be  induced  by 
addition  of  Ca  ionophores  or  chemotactic  factors  (64, 
71).  Because  none  of  the  above  treatments  dependably 
induced  oscillations  in  these  events  have  been  diffi¬ 
cult  to  study.  More  recently,  Soldati  and  Persechini 
(257)  reported  that,  in  the  absence  of  Na,  large  depolar¬ 
izing  voltage  steps  reliably  induced  oscillations  in 
mouse  macrophage  polykaryons. 

Ilyperpolarizing  membrane  oscillations  have  been 
ascribed  to  the  activation  of  a  Ca-dependent  K  conduc¬ 
tance,  because  they  involved  an  increase  in  conductance, 
reversed  neai  were  blocked  by  ethylenegIycol-bis(ii- 
aminoethyl  ether)-A%\VV',A^-tetraacctic  acid  (EGTA), 
and  were  induced  by  either  ionomycin  (IS,  71)  or  the 


intracellular  injection  of  Ca  (202).  The  I  ^  oscillations 
were  not  blocked  by  TEACl  (50  mM),  but  they  were 
blocked  by  the  addition  of  either  quinine  (0.2-1.5  mM)  or 
Ba  (20  mM)  (4, 117).  As  discussed  in  section  IIL-Iilll,  it  is 
likely  that  the  conductance  underlies  the  oscil¬ 
lations,  although  it  should  be  noted  that  Ince  et  al.  (117) 
reported  activation  of  large-conductance  channels  (pre¬ 
sumably  Ki^ca  channels)  during  mechanical  microelec¬ 
trode-induced  hyperpolarizations  in  human  macro¬ 
phages.  Further  studies  on  the  effects  of  pharmacologi¬ 
cal  blockers  on  both  K,  and  K^ca  conductances  and  the 

oscillations  are  needed  to  determine  if  both  these 
channels  play  a  role  in  oscillations. 

Ince  et  al.  (115)  recorded  rapid  transients  immedi¬ 
ately  after  microelectrode  impalement  and  concluded 
that  spontaneous  oscillations  in  were  an  artifact  of 
recording  induced  by  a  leak  of  external  Ca  into  the  cell 
after  impalement  by  microelectrodes.  However,  experi¬ 
ments  recording  currents  vv  ith  patch -clamp  electrodes 
in  the  cell-attached  patch  and  whole  cell  configurations 
(where  electrode-induced  leak  current  was  negligible) 
confiimed  the  p  sence  of  spontaneous  oscillations 
(63,  see  section  llLlilll).  Interestingly,  Kruskal  and 
Maxfeld  (129)  have  demonstrated  that  spontaneous 
oscillations  in  [Ca],  occur  in  macrophages  after  adher¬ 
ence.  It  is  likely  that  the  oscillations  in  [Ca],  are  linked  to 
the  activation  of  K  conductance  and  that  oscillations 
occur  under  physiological  conditions.  However,  the 
functional  relevance  of  these  oscillations  is  not  known. 

Ill)  CHANGES  DURING  MATURATION  OR  AFTER  ACTI¬ 
VATION.  Macrophages  orginate  from  bone  marrow  pro- 
monocyte  cells  that  are  released  as  monocytes  into  the 
blood  vvhi,i  they  circulate,  leave  the  circulation  (with  a 
half  time  of  17  h),  emigrate  Into  tissues,  and  mature  into 
resident  tissue  macrophages  (272).  Tissue  macrophages 
exposed  to  microorganisms,  LPS,  and  a  variety  of  cyto¬ 
kines  can  be  activated  to  exhibit  enhanced  tumor  cell 
killing  and  increased  secretory  responses,  and  it  has 
been  well  documented  that  after  activation  some  of 
their  surface  antigens  differ  from  those  of  monocytes  or 
of  resident  tissue  macrophages  (272). 

Several  studies  have  indicated  that  maturation 
and/'or  activation  can  modulate  the  expression  of  ionic 
conductances.  In  human  peripheral  blood  monocy  tes  the 
expression  of  the  Kj^ca  channel  increased  during  the 
first  7  day  s  in  culture,  a  time  period  during  which  mono- 
cytes  mature  into  macrophages,  <^5%  of  cell-attached 
patches  obtained  from  cells  24  h  after  plating  exhibited 
this  channel,  whereas  ^S07o  of  the  patches  obtained 
after  5  days  in  culture  did  exhibit  this  channel  (68).  If  it 
is  true  that  the  K^ca  conductance  is  absent  from  freshly 
isolated  blood  monocytes,  then  the  presence  of  these 
channels  (in  the  plasma  membiane)  must  not  be  re¬ 
quired  for  phagocy  tosis,  chemotaxis,  and  other  func¬ 
tions  that  are  normally  carried  out  by  peripheral  blood 
monocy  tes.  However,  this  observation  has  not  been  con¬ 
firmed  in  a  recent  study  of  whole  cell  currents  in  cul¬ 
tured  human  blood-derived  monocytes  by  Nelson  et  al. 
(183).  In  J774.1  cells,  adherence  is  the  trigger  for  in¬ 
creased  channel  expression.  As  discussed  in  section 


July  Wifi 


ION  CHANNELS  IN  LEUKOCYTES 


785 


IILlil,  a  twofold  increase  in  the  dL'nsit>  of  channels 
occurred  during  the  first  18  h  after  adherence  (171).  It  is 
well  known  that  adherence  itself  can  '‘activate’’  macro* 
phages  to  increase  responsiveness  to  a  variety  of  stim¬ 
uli  (31). 

The  activating  stimuli  LPS  also  modulates  the  ex¬ 
pression  of  ionic  currents  in  macrophages.  Jow  and  Nel¬ 
son  (120;  see  sect.  illAnv)  showed  that  treating  cultured 
human  peripheral  blood-derived  macrophages  for  24  h 
with  LPS  increased  the  percentage  of  cells  expressing 
the  K^,  current  from  ^0  to  ^30'"*  .  In  contrast,  the  same 
treatment  in  J77 1 1  cells  did  not  increase  the  current 
but  decreased  the  density  of  K,  channels  compared  with 
untreated  cells  (171)  This  was  due  to  the  fact  that  LPS- 
treated  J771  1  cells  increased  their  membrane  area  (as 
measured  by  membrane  capacitance)  more  than  they 
increased  Ki  channel  expression. 

IV)  OTHER  POSSIBLE  FUNCTIONS.  With  the  exception 
of  the  role  of  the  Kj  conductance  in  setting  Fp,,  the  role  of 
ionic  conductances  in  macrophage  function  has  not  been 
established.  These  conductances  are  likekv  to  serve  some 
of  the  same  functions  in  phagocytes  that  they  do  in 
other  cells  Thus  the  K„  conductance  may  be  important 
for  restoring  to  negative  values  after  depolarization. 
The  Ca-activated  K  conductances  ma>  have  a  similar 
role  after  the  transient  increases  in  [Ca],  that  occur  dur¬ 
ing  phagocytosis  (111,  285)  and  after  activation  with 
chemotactic  peptides  (102).  It  is  also  possible  that  Cl  and 
K  conductances  play  a  role  in  volume  regulation  in  the 
macrophage,  as  they  do  in  other  coll  types  (190).  Al¬ 
though  ion-sensitive  microelectrodes  used  in  studies  of 
mouse  macrophage  polykaryons  have  demonstrated 
that  [K]j  docs  not  change  during  spontaneous  membrane 
hyperpolarizations  (202),  Ilolian  and  Daniele  (110)  dem¬ 
onstrated  that  there  was  a  17"^'  decrease  in  [K],  in  hu¬ 
man  alveolar  macrophages  20  min  after  stimulation 
with  the  chemotactic  factor  .V-form,vl-methion>l-phe- 
nyHlanine  (FMP)  Changes  in  [K],  could  influence  s,\n- 
thetic  processes  (135,  217,  271)  and  receptor-mediated 
endocytosis  (131).  Intracellular  K  levels  might  also  mod* 
ulate  the  contractile  machinery  of  the  macrophage,  be¬ 
cause  the  macrophage  contains  an  actin-modulating 
protein,  acumentin,  the  activity  of  which  is  modified  by 
changes  in  [IQ  (100-200  mM)  (259). 

Only  fi  few  preliminar.v  studies  have  investigated 
the  efifect  of  pharmacological  blockers  of  ionic  conduc¬ 
tances  on  phagocyte  functions.  In  J771.1  cells,  Ba  (2 
mM).  which  blocks  the  K,  channel,  does  not  block  che- 
molaxis  in  response  to  endotoxin-activated  mouse 
serum,  release  of  hydrogen  peroxide  after  stimulation 
with  PMA,  or  phagocytosis  of  opsonized  erythroc.vtes 
(unpublished  observations)  Therefore  it  is  unlikekv  that 
the  K,  conductance  plays  a  crucial  role  during  these 
events.  In  alveolar  macrophages  the  extracellular  Ca- 
dependent  component  of  the  K  efilux  stimulated  b> 
FMP  is  blocked  by  quinine  (1  mM),  a  wclLknown  inhibi¬ 
tor  of  Ca-activated  K  channels  (110).  Quinine  also 
blocked  the  FMP-induced  release  of  superoxide  in  these 
cells,  but  the  inhibitory  effect  of  quinine  also  occurred 
under  conditions  in  which  the  FMP-induced  K  efilux 


was  absent  (low  extracellular  Ca),  indicating  that  these 
two  effects  of  quinine  were  not  directly  related  (110).  In 
human  peripheral  blood-derived  macrophages,  TEA  (10 
mM),  which  blocks  Ki,ca  channels,  did  not  inhibit  che- 
motaxis  toward  FMLP  (unpublished  observations).  Ad¬ 
ditional  studies  examining  the  effects  of  blockers  should 
help  to  clarify  the  role  of  ionic  conductances  in  macro¬ 
phage  function. 

The  observation  that  buffering  [Ca],  to  1-10  nM  in 
J774.1  cells  has  no  effect  on  cell  spreading  or  the  inges¬ 
tion  of  IgG-coated  erythrocyte  ghosts  (46)  suggests  that 
Ca-activated  ion  channels  are  not  required  for  these 
events.  This  is  consistent  with  the  lack  of  Ki,ca  channels 
in  the  plasma  membrane  of  freshly  isolated  human  pe¬ 
ripheral  blood  monocytes  (68),  even  though  they  are  ca¬ 
pable  of  carrying  out  phagocytosis. 


B,  Neidrophils 

Neutrophils,  also  called  polymorphonuclear  leuko- 
c>tes  because  of  their  multilobed  nucleus,  are  the  most 
prevalent  blood  phagocyte.  These  cells  contain  numer¬ 
ous  secretory  granules.  After  phagocytosis  or  stimula¬ 
tion  with  a  variety  of  factors,  including  leukotriene  B4 
and  platelet-activating  factor  (PAF),  the  contents  of 
these  granules  arc  released  along  with  superoxide  and 
other  free  radicals  formed  during  the  oxidative  burst. 
Neutrophils  are  very  motile  cells  and  are  often  the  first 
cells  found  at  sites  of  infection.  Thus  they  are  very  im¬ 
portant  in  phagocytosing  and  killing  invading  bacteria. 

Although  only  two  electrophysiological  studies 
have  been  performed  on  neutrophils,  these  studies  indi¬ 
cate  that  neutrophils  exhibit  at  least  four  different  ionic 
conductances.  Future  studies  are  needed  to  further  char¬ 
acterize  each  of  these  conductances,  to  determine  what 
additional  conductances  are  present  in  neutrophils,  and 
to  understand  their  relevance  to  the  large  body  of  infor¬ 
mation  that  has  accumulated  from  biochemical,  flux, 
and  fluorescence  measurements. 


1.  Potassiwm  conductances 

I)  OUTWARD  POTASSIUM  CONDUCTANCE.  Whole  cell 
patch-clamp  experiments  in  human  neutrophils  have 
demonstrated  a  current  that  activated  at  positive  po¬ 
tentials  and  reversed  around  -25  mV  when  NaCl  was 
the  predominant  salt  in  the  bath  and  the  pipette  con¬ 
tained  KCl/K*aspartate  (128).  This  current,  which  had  a 
threshold  of  activation  of  -60  mV,  was  reduced  when 
the  pipette  concentration  of  K  was  reduced  but  was  un¬ 
affected  by  changes  in  the  Cl  concentration.  Unlike  the 
inactivating  IQ  current  de.scribed  in  macrophages  (290), 
this  current  showed  no  inactivation  during  depolarizing 
voltage  steps  up  to  4  s.  Furthermore,  pharmacological 
studies  indicated  that  the  current  vvas  not  blocked  by 
CTX  (1,000  /uM),  apamin  (20  nM),  quinine  (200  gM),  or 
4-AP  f  10  mM).  The  authors  speculated  that  this  channel 
may  be  responsible  for  maintaining  the  resting  (128). 
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II)  CALCIUM- ACTIVATED  POTASSIUM  CONDUCTANCE. 
Krause  and  Welsh  (128)  also  observed  that  ionomycin 
pruducud  an  increase  in  outward  current  that  was  two¬ 
fold  huger  when  the  pipette  contained  KCl  than  when  it 
contained  NaCh  When  the  pipette  contained  NaCl, 
changing  the  bath  solution  to  Na-isethionate  abolished 
the  ionom>cin-induced  current,  whereas  it  only  par¬ 
tially  deci eased  the  lonoiny cin-induced  current  when 
KCl  was  in  the  pipette.  These  data  suggest  that  human 
neutrophils  have  a  Ca-acti\ated  K  conductance  (in  addi¬ 
tion  to  a  Ca-activated  Cl  conductance  described  in  sect. 
IlliJj)  The  presence  of  a  Ca-acti\ated  K  current  was 
further  corroborated  by  the  obser\  ation  that  ionomycin 
induced  aitward  cuirents  in  whole  cell  patch-clamp  re¬ 
cordings  dune  on  human  neutrophils  in  symmetric  K- 
aspartatc  solutions  (128). 


Z  CalciuuMU’tmiled  cation  conductance 

Von  Tscharner  et  ah  (276),  using  patch-clamp  tech¬ 
niques  to  examine  ionic  channels  during  stimulation 
with  the  cheinotactic  peptide  FMLP,  demonstrated  that 
adding  FMLP  to  the  bath  during  cell-attached  patch  re¬ 
cordings  induced  two  different  Ca-activated  cation-non- 
selec'ti\e  channels.  The  piesence  of  FMLP  in  the  patch 
pipette  did  not  inciease  the  piobaLility  of  channel  open¬ 
ing,  indicating  that  the  acti\ated  channels  were  not  di¬ 
rectly  coupled  to  the  FMLP  receptor.  Depleting  [Ca],  by 
loading  cells  with  fuia-2  prewented  FMLP-induced 
channel  activation,  and  treating  cells  with  saponin  to 
increase  [Cajj  activated  channels  in  the  absence  of 
FMLP.  Thus  FMLP-actIvated  channels  appeared  to  be 
Ca  acti\ated  Two  types  of  single-channel  currents  with 
conductances  of  18  25  and  1-C  pS  were  identified.  Ion- 
substitution  experiments  indicated  that  they  were 
equally  permeable  to  K,  Na,  and  Ca.  Inositol  trisphos- 
phate,  which  releases  Ca  from  inti  acellular  stores  in 
neutrophils  (260),  failed  to  induce  the  activity  of  these 
channelo  when  added  to  the  Inside  suiface  of  the  mem¬ 
brane.  (The  possible  lelevance  of  these  channels  to 
FMLP-induced  increases  in  [Ca],  are  discussed  in  section 
IIl54n.) 


d.  Chloride  conduciancea 

In  whole  cell  patch-clamp  recoi dings  from  human 
neutrophils  exj^osed  to  ionomycin,  Krause  and  Welsh 
( 128)  reported  that  substituting  iscthionate  for  Cl  in  the 
bath  decreased  1  by  )  the  currents  in  i  espouse  to  posi- 
tive  voltage  steps  and  shifted  the  reversal  potential  fei 
the  currents  to  mui  e  positiv  e  potentials,  suggesting  that 
neutrophils  also  display  a  Ca-activaled  Cl  conductance. 
The  current  that  was  sensitive  to  removal  of  Cl  had  no 
.apparent  voltage  sensItIviLv.  Whole  cell  Cl  currents 
were  also  described  in  a  preliminary  study  of  human 
neutrophils  by  Schumann  et  ah  (235). 


4.  Physiological  role  of  ionic  condxictances 

I)  SETTING  RESTING  MEMBRANE  POTENTIAL.  There 
are  no  direct  electrophy  siological  measurements  of  the 
resting  in  neutrophils,  but  measurements  with  the 
indirect  probes  tripheny Imethy Iphosphonium  (TPMP^j 
(240),  TPP^  (179),  and  the  fluorescent  dye  3,3-dipro- 
pylthiadicarboxy cyanine  [diSCgtS)]  (255)  have  yielded 
resting  values  for  suspended  neutrophils  of  -54,  -67, 
and  -53  mV,  respectively.  From  the  resting  value 
and  ion  fluxes,  Simehowitz  et  ah  (255)  calculated  the 
relative  ionic  permeability  of  the  neutrophil  membrane 
to  K,  Na,  and  Cl  to  be  10.1.1.  They  concluded  that  the 
small  permeability  to  Na  accounts  for  the  deviation  of 
the  resting  from  ^57^  at  physiological  [K]^  (4.5  mM), 
while  above  10  mM  [KJ^,  follows  Unfortunately, 
no  data  exist  about  the  particular  ionic  channels  that 
underly  resting 

Although  it  is  clear  from  experiments  measuring 

with  voltage-sensitive  fluorescent  probes  that 
various  substances  that  activate  neutrophils  produce 
changes  in  (238,  268),  the  events  underlying  these 
potential  changes  are  poorly  understood,  and  their  rela¬ 
tionship  to  signal  transduction  is  unclear.  For  example, 
neutrophils  depolarized  by  high  K  can  still  migrate  in 
response  to  FMLP  (179,  248).  Although  Roberts  et  al. 
(221)  demonstrated  that  the  number  of  neutrophils  mi¬ 
grating  in  high-K/dow  -Na  medium  is  increased,  this  in¬ 
crease  was  due  to  the  reduction  in  extracellular  Na  and 
not  to  the  increase  in  K.  Furthermore,  data  on  the  rela¬ 
tionship  between  depolarization  induced  by  high  K  and 
the  oxidative  burst  have  demonstrated  both  decreases 
(126)  and  increases  (156)  in  superoxide  generation,  and 
these  changes  have  been  attributed  to  the  effects  of  Na 
removal  rather  than  to  membrane  depolarization. 

II)  OTHER  POSSIBLE  FUNCTIONS.  The  Ca-activated 
conductances  described  are  likely  to  be  activated  by  the 
biphasic  rise  in  [Ca],  that  occurs  in  neutrophils  after 
stimulation  by  a  variety  of  factors,  including  FMLP, 
PAF,  and  leukotriene  (47, 145,  209).  This  increase  in 
[Ca],  has  been  linked  to  differential  secretion  from  the 
three  distinct  granule  populations  that  are  present  in 
neutrophils  (145).  The  early  transient  [Ca]i  rise  is  due  to 
a  release  of  [Ca];  stores,  whereas  the  more  sustained 
[Ca]i  increase  requires  extracellular  Ca  and  has  been  at¬ 
tributed  to  an  influx  of  Ca  (3).  A  stimulus-induced  in¬ 
flux  of  Ca  was  further  corroborated  by  the  observation 
that  extracellular  Mn  (presumably  influxing  through 
Ca-permcable  channels)  was  able  to  quench  the  increase 
in  fura-2  fluorescence  induced  by  FMLP,  leukotriene  B.,, 
and  PAF  and  that  La,  Co,  and  Ni  inhibit  the  influx  of 
Mn  (174). 

Von  Tscharner  et  al.  (276)  suggested  that  intracel¬ 
lular  release  of  [Ca],  from  stores  caused  the  transient 
activation  of  Ca-gated  cation  channels,  allowing  Ca  to 
flow  into  the  cell.  Nasmith  and  Grinstein  (180)  tested 
this  possibility  by  examining  FMLP-induced  Ca 
changes  under  conditions  where  neutrophils  had  been 
loaded  with  the  Ca  chelator  bis(o-aminophenoxy)eth- 
ane-AVV,AV',*V'-tetraacctic  acid  and  demonstrated  that 
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thu  rise  in  [Cal  that  clependui  on  extracellular  Ca  could 
still  be  stimulated  b\  FMLP  when  intracellular  free  Ca 
levels  were  maintained  at  oi  below  resting  levels.  How¬ 
ever,  Pittet  et  al.  (203)  found  that  the  FMLP-stirnulated 
influx  of  Ca  into  IILCO  cells  differentiated  into  neutro¬ 
phil-like  cells  wms  closely  correlated  with  the  rise  in 
[Ca],  as  well  as  an  intracellular  accumulation  of  inositol 
1,3,1,5-tetrakisphosphate  [Ins-(l,3,  i,5)PJ.  They  con¬ 
cluded  that  an  elevation  of  [Ca],  could  activate  Ca  influx 
by  acting  directly  on  Ca-activated  channels,  as  sug¬ 
gested  by  von  Tscharner  et  ah  (276),  or  by  increasing  the 
production  of  Ins(l,3,4,5)P.,. 

It  is  possible  that  the  FMLP-induced  Ca  influx  does 
not  occur  through  ionic  channels  but  occurs  through 
other  ion-transport  niechanisms.  Simehowitz  and  Cra- 
goe  (254)  have  characterized  an  electrogenic  Na-Ca  ex¬ 
changer  in  neutrophils  that  can  transport  one  Ca  ion 
into  the  cell  in  exchange  for  three  Na  ions.  This  ex¬ 
changer  is  activated  by  FMLP  and  may  account  for  some 
of  the  observed  increase  in  [Ca],.®  Further  studies  are 
needed  to  examine  this  possibility  and  to  delineate  the 
events  that  underly  the  Ca  influx. 

The  early  events  that  follow  the  binding  of  FMLP  to 
the  membrane  include  (in  addition  to  increases  in  [Ca]i) 
changes  in  pH,  and  the  transport  of  other  ions.  Stud¬ 
ies  with  fluorescent  dyes  have  shown  that  FMLP  in¬ 
duces  an  initial  depolarization  followed  by  a  repolariza¬ 
tion  that  is  completed  within  8-10  min  (141,  240).  The 
FMLP-induced  depolarization  required  a  stimulus  con¬ 
centration  of  at  least  10'®  M,  whereas  lower  concentra¬ 
tions  induced  either  no  change  (45)  or  a  slight  hyperpo¬ 
larization  (136). 

Despite  many  studies,  it  is  not  clear  which  ionic 
conductances,  if  any,  are  involved  in  these  responses. 
Decreasing  [NaJo  to  20  mM  and  varying  [KJ^  from  1  to  100 
mM  did  not  change  the  amplitude  of  the  membrane  depo¬ 
larization,  indicating  that  the  depolarization  does  not 
involve  a  Na  conductance  (238).  As  noted,  von  Tscharner 
el  al.  (276)  proposed  that  the  transient  depolarization  is 
caused  by  an  influx  of  cations  through  the  Ca-dependent 
cation-nonsclective  ion  channels  induced  by  FMLP.  It  is 
plausible  that  Ca  provides  a  signal  leading  to  depolariza¬ 
tion,  because  it  has  been  demonstrated  that  an  increase 
in  [Ca]i  precedes  the  depolarization  (136).  However,  Di 
Virgilio  et  al.  (45)  showed  that  even  in  Ca-depleted  cells 
where  no  increase  in  frce-[Ca]i  occurs  FMLP  can  induce 
a  depolarizing  response,  although  it  is  diminished.  Alter- 
nativel>,  it  is  possible  that  the  meiubrane  depolariza¬ 
tion  induced  b>  FMLP  is  due  to  the  FMLP-induced  in- 
ciease  In  a  Cl  eunductariee  reported  b>  Sehumann  et  al. 
(233).  It  is  also  possible  th<it  the  repolai  ization  phase  of 
the  FMLP-induced  changes  invoUes  an  additional 
membrane  peimeabilit.v  and  that  it  ma>  be  dependent 
on  external  Ca  (268).  Fuitheimore,  FMLP  and  othei  ac- 


®  If  the  Na  Tu  tvchan^i’i'  1.^  tlu  nuijur  patl.vvav  for  Ca  inllu.v  In 
stimiilaU'd  lunUrophils,  ihcn  dcpolariziiiK  the  neutrophil  should  in¬ 
crease  (he  auonisl-intluced  Ca  inllux.  However,  Ui  Virjiiho  et  al.  (45) 
deiiiunhtraled  liutt  depoianzaCon  uf  FMLP-stiinulatud  neutrophils 
reduced  the  (’a  inllu.v. 


tivating  agents  directly  stimulate  Na-H  exchange  (89, 
233).  Although  this  transport  system  is  not  electrogenic, 
the  changes  in  intracellular  Na  or  pH,  which  are  sub¬ 
stantial,  could  affect  ion  conductances  and/or  the  Na-K 
pump  (which  is  electrogenic),  thereby  producing 
changes  in 

The  purpose  of  the  FMLP-induced  f  ^  changes  is 
unclear,  because  cells  can  migrate  (248)  and  produce  an 
oxidative  burst  (110 )  when  depolarized  by  high  K.  Never¬ 
theless,  the  observation  that  FMLP  fails  to  induce 
changes  in  neutrophils  from  patients  with  chronic  gran¬ 
ulomatous  disease,  a  condition  in  which  phagocytes  are 
incapable  of  producing  an  oxidative  burst  (239),  sup¬ 
ports  the  view  that  the  membrane  depolarization  (or 
events  leading  to  it)  is  associated  with  the  oxidative 
burst,  even  if  depolarization  is  not  required  for  activa¬ 
tion  of  the  oxidase.  A  close  association  between  mem¬ 
brane  depolarization  and  the  oxidative  burst  was  also 
demonstrated  in  a  study  that  measured  FMLP-  and 
PMA-induced  changes  and  superoxide  release  in 
HL-60  cells  at  varying  stages  of  differentiation  (124). 
Similarly,  Di  Virgilio  et  al.  (45)  demonstrated  that  the 
dose-response  relationship  for  the  FMLP-induced  depo¬ 
larization  in  neutrophils  was  identical  to  the  dose-re¬ 
sponse  relationship  for  FMLP-induced  activation  of  the 
NADPH  oxidase.  This  study  also  showed  that  the  in¬ 
crease  in  [Ca]i,  which  occurs  during  FMLP  stimulation, 
is  reduced  when  neutrophils  are  depolarized  and  en¬ 
hanced  when  they  are  hyperpolarized  during  FMLP 
stimulation.  Part  of  the  increase  in  [Ca\  requires  extra¬ 
cellular  Ca  and  has  been  attributed  to  the  influx  of  Ca 
(3).  Therefore  the  FMLP-induced  depolarization  may 
serve  to  limit  the  influx  of  Ca  into  the  cell  after  stimula¬ 
tion  as  it  does  in  other  cells  (208).  In  addition  to  limiting 
the  influx  of  Ca,  a  recent  report  by  Pittet  et  al.  (214) 
indicates  that  membrane  depolarization  (in  the  absence 
of  extracellular  Ca)  diminishes  both  the  release  of  in¬ 
tracellular  Ca  and  the  rise  in  inositol  1,4,5-trisphos- 
phate  [Ins(l,4,5)P3]  that  is  produced  after  stimulation  of 
neutrophil-like  HL60  cells  with  FMLP  or  leukotriene  B4. 


IV.  LYMPHOCYTES 

T,  B,  and  natural  killer  (NIC)  lymphocytes  partici- 
patu  in  a  complex  series  of  interactions  that  underlies 
the  function  of  the  immune  system.  These  include  recog¬ 
nition  of  antigens,  cytotoxicity,  and  lymphokine  and  an¬ 
tibody  secretion  (186).  Advances  in  recent  years  have 
helped  explain  how  these  functions  are  carried  out  at 
the  single-cell  level  (262a).  Although  questions  still  re¬ 
main  about  l>niphoc>te  ion-transport  mechanisms  and 
their  functional  relevance,  considerable  progress  has 
been  made  in  identifying  the  ionic  conductances  in  these 
cells  and  characterizing  the  changes  in  ionic  conduc¬ 
tances  that  occur  during  lymphocyte  activation  (18, 20, 
72,  73,  87, 152).  The  conductances  described  in  lympho¬ 
cytes  are  listed  in  Table  2  and  are  summarized  next. 
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TABLE  2.  Ion  channels  in  lymphocytes 


Channel 

(fating 

SCO.  pS 

Blockers 

Pre.scnt  In 

.Reference 

K  channels 

Kn  <n  type) 

Voltage, 

12-18 

-l-AP.  TEA,  CTX, 

Human  and  murine  T-cells, 

20,  35,  36,  58, 

Ca 

quinine,  verapamil, 

T-cell  lines,  cytotoxic  T- 

163, 172, 231, 

D  coo,  Ni,  Ilg.  La, 

cells,  NK  cells,  human 

232,  267 

nifedipine, 

diltiazem, 

ch  lor  promazine, 

forskolin, 

trirtuorperazino, 

noxiustoxin 

and  murine  B-cells 

Ki  (1  type) 

Voltage 

21-27 

TEA.  Co 

Murine  T-cells 

24 

Kn  (n'  type) 

Voltage 

18 

CTX 

Murine  T-cells 

148 

Kc*  (Ca  activated) 

Ca 

25 

Apamin 

Rat  thymocytes,  human  B- 

20, 95, 159, 160, 

7 

cells,  human  T-cells?, 

168 

93? 

murine  B-cells? 

Na  channels 

Voitage 

20 

ITX 

Human  thymocytes,  T-cell 

36, 139,  231 

lines,  murine  T-cells 

Ca  channels 

Ca^  (voltage 

Voltage 

Jurkat  77  6.8  cells. 

52,  57,  59 

activated) 

hybridoma  cell  lines* 

Ca,„,  (InsPs 

InsPg 

7 

Ca 

Human  T-cells,  Jurkat  E6- 

72, 130 

activated) 

1  cells 

Ca,  (small) 

Cl  channels 

<1 

Ni,  Cd 

Jurkat  cells 

151, 152 

Clt  (large) 

Voltage, 

365 

Ni,  Zn 

Thymocytes,  T-cells, 

12,  19, 167,  230 

Cl,  (small)t 

PKa 

-2.6 

murine  B-cells 

Murine  spleen  cells,  Jurkat 

19, 147 

E6-1  cells,  human  T-cells 

CIa  (cAMP 

PKa 

40 

Jurkat  E6-1  cells,  human 

15,  25 

activated) 

T-  and  B-cells,  murine 
B-cells? 

SrC,  Lhanral  luiulutUritf  uiulcr  ph>  biological  ionic  gi  ad  ion  U>  (for  rectifying  channclb,  largust  conductance  ib  given).  InsPs,  inosi¬ 

tol  irib|jhob|>haU.  NK»  natural  killer,  PKa,  catalytic  bubunit  of  protein  kinase  A.  *  Hybridoma  cell  lines  constructed  from  fusion  of  S194 
cells  and  splenic  B  lymphocytes.  t  ATP  and  hypotonic  medium  required  in  patch  electrode. 


-4.  T  Lymphocytes  and  Natural  Killer  Cells 

T  lymphocytes  develop  in  the  thymus  and  have  both 
effector  and  regulator  functions  (262a).  As  effector  cells 
they  participate  in  graft  versus  host  reactions,  cytotoxic¬ 
ity,  and  delayed  hypersensitivity,  whereas  as  cell  regula¬ 
tors  they  either  help  or  suppress  the  activity  of  other 
lymphocytes.  Cytotoxic  T-cells  kill  in  an  antibody-de¬ 
pendent  manner  a  variety  of  target  cells,  including 
those  bearing  foreign  histocompatibility  antigens  as 
well  as  host  tumor  cells  and  virally  infected  cells,  which 
share  the  same  major  histocompatibility  antigens.  In 
contrast,  NK  cells  arc  large  granular  lymphocytes  that 
can  kill  tumor  and  virus-infected  cells  in  culture  in  the 
absence  of  antibody.  Variations  in  the  surface  glycopro¬ 
teins  (i  c ,  CD4  and  CD^)  of  these  different  lymphocytes 
correlate  with  their  functional  heterogeneity  and  there¬ 
fore  provide  useful  phenotypic  markers  for  the  different 
cell  types.  In  vivo  T-cell  activation  is  initiated  b^  the 
binding  of  specific  antigens  to  the  T-cell  receptor, 
whereas  in  vitro  activation  can  be  accomplished  using 
lectins  and  phorbol  esters  or  monoclonal  antibodies 
against  specific  surface  antigens.  The  activation  of  T- 
cells  results  in  a  series  of  well-studied  integrated  events 


that  ultimately  leads  to  an  increase  in  DNA  synthesis 
and  cell  division. 


i.  Potassium  conductances 

I)  OUTWARD  VOLTAGE-GATED  POTASSIUM  CONDUC¬ 
TANCE.  Outward  voltage-dependent  K  currents  were 
first  described  in  human  peripheral  blood  T  lympho¬ 
cytes  by  Matteson  and  Deutsch  (163)  and  by  DeCoursey 
ct  al.  (35)  and  in  murine  cytotoxic  T-cell  clones  by  Fuku- 
shima  et  al.  (58).  Similar  currents  have  since  been  re¬ 
ported  in  a  wide  variety  of  lymphocytes,  including  im¬ 
mature  human  thymocytes  (230),  human  helper-inducer 
T-cells  (T4^),  suppressor  cytotoxic  T-cclls  (T8^),  allo- 
rcactive-cytotoxic  T-cells  (36),  human  NK  cells  (231), 
subsets  of  murine  thymocytes  (172),  a  murine  noncyto- 
\y  tic  T-cell  clone  (141 ),  and  a  variety  of  murine  cell  lines 
(36).  Only  one  type  of  outward  voltage-dependent  K  con¬ 
ductance  has  been  described  in  human  T  lymphocytes, 
whereas  three  voltage-dependent  K  conductances  have 
been  delineated  in  murine  T  lymphocytes.  These  are  i) 
the  n  (for  normal)- type  K  (K„)  conductance,  which  is  the 
only  voltage  dependent  K  conductance  described  in  hu¬ 
man  T  lymphocytes  (17, 35)  and  is  also  present  in  murine 
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TABLE  3.  Thtvi  Ujpta  of  loltagL-dt  pc ndcnt  11  chattncU 
in  murine  T  lymphocytes 


Type  n 
(normal) 

Type  n' 
(n-ish) 

Type  1 
(large) 

Conductance 

Gating 

12-1«  pS 

18  pS 

21-27  pS 

Vuz 

Use-dependent 

-30  mV 

-10  mV 

OmV 

inactivation 
Closing  rate  r 

Yes 

No 

No 

(-60  mV) 
Pharmacology 

30  ms 

30  ms 

1  ms 

TEA  ilQ 

-10  mM 

^  100  mM 

*-0.1  mM 

CTX  (Ki) 

300  pM 

<5  nM 

Not  blocked 

V"j/2,  membrane  potential  at  which  one-half  of  the  channels  arc 
activated,  /\|,  inhibitory  conbtant.  [From  Lewib  and  Cahalan  (149).] 


lymphocytes  (37);  ?)  the  1-type  K  (Kj)  conductance, 
which  is  present  in  large  numbers  in  lymphocytes  from 
the  MRL/lpr  mouse  strain  but  is  also  found  in  T  lym¬ 
phocytes  from  normal  strains  of  mice  (24, 34);  and  S)  the 
type  n'  (K„)  conductance,  which  is  found  in  subsets  of 
murine  thymoc;  les  (148).  A  mixture  of  these  channels 
can  be  expressed  in  a  given  murine  T  lymphocyte,  al¬ 
though  one  type  of  channel  often  predominates  (19).  Ta¬ 
ble  3  and  Figure  3  summarize  some  of  the  characteris¬ 
tics  of  these  voltage-gated  K  channels. 

A)  N-typL  poiitssium  conductance.  The  conduc¬ 
tance  is  the  best  characterized  ionic  conductance  in  leu¬ 
kocytes.  It  was  first  described  in  whoL  cell  patch-clamp 
studies  of  peripheral  human  blood  T  lymphocytes  (35, 
163)  and  in  murine  clonal  cytotoxic  T  lymphocytes  (58). 
Under  whole  cell  patch-clamp  conditions,  currents 
have  a  threshold  of  activation  in  the  50-  to  60-mV 
range,  and  the  conductance  is  fully  activated  above  0 
mV.  [The  threshold  for  activation  foi  this  current  may 
differ  in  cell-attached  recordings  (S.  C.  Lee  and  C. 
Deutsch,  personal  communication).]  Similai  to  delayed 
rectifying  K  currents  in  vertebrate  nerve  .  nd  muscle 
cells,  Kn  currents  in  both  human  and  murine  T  lympho¬ 
cytes  exhibit  sigmoidal  voltage-dependent  activation  ki¬ 
netics  (35,  38,  58, 163)  and  could  be  fitted  to  a  Hodgkin- 
Huxley  type  n'*]  model  (17,  38).  However,  the  rate  of 
current  deactivation  determined  from  relaxation  of  tail 
currents  was  an  order  of  magnitude  slower  in  lympho¬ 
cytes  than  In  skeletal  muscle  (17).  When  [KJ,  was  v  aried, 
the  Kn  reversal  potential  followed  the  Nernst  equation 
for  K,  indicating  that  the  current  is  K  selective  (17, 
58, 165). 

The  Kn  current  decreases  or  inactivates  during  vill¬ 
age  steps  lasting  .>20  ms.  During  prolonged  depolariza¬ 
tion  the  Kn  current  inactivates  to  a  steady -state  level 
that,  in  human  T-cells,  was  half  maximal  at  70  mV  and 
was  complete  at  almost  all  potentials  that  elicited  the 
Kn  currents  (17),  whereas  in  the  murine  clonal  cytotoxic 
T-cell  line  inactiv  ation  w  ao  absent  at  75  mV  (58).  If  the 
inactivation  of  Kn  currents  is  state  dependent  and  not 
Voltage  dependent,  as  has  been  suggested  recently  for 


similar  channels  in  rat  typu  II  alveolar  epithelial  cells 
(34),  then  these  apparent  differences  in  “steady-state*' 
inactivation  may  be  ascribable  to  a  difference  in  the 
experimental  protocol  rather  than  to  actual  differences. 
In  addition,  recovery  from  inactivation  was  much 
slower  than  the  onset  of  inactivation  during  depolariza¬ 
tion  (17,  38,  58).  When  pairs  of  identical  pulses  sepa¬ 
rated  by  different  time  intervals  were  used  to  examine 
recovery  from  inactivation,  short  (80  ms)  depolarizing 
pulses  produced  a  peak  current  for  the  second  pulse  that 
was  smaller  than  the  current  a:  the  end  of  the  first  pulse 
(35,  138).  This  phenomenon  of  cumulative  inactivation 
has  been  described  in  other  cells  (5,  290).  For  longer 
pulses  (500-600  ms),  recovery  time  increased  and,  in  the 
case  of  human  T  lymphocytes,  was  fit  by  two  exponen¬ 
tials  with  time  constants  of  10  and  420  s  (17).  The  ki¬ 
netics  of  K„  channel  inactivation  suggest  the  existence 
of  more  than  one  inactivated  state  of  the  channel  (17). 

Several  changes  in  the  K^  current  occur  during  the 
first  10-15  min  after  establishing  the  whole  v.ell  patch 
configuration  (17, 40, 58).  These  include  increases  in  the 
peak  current,  the  rate  of  activation,  and  the  rate  of  inac¬ 
tivation  and  a  -10-  to  -20-mV  shift  in  the  voltage  de¬ 
pendence  of  activation.  Similar  shifts  have  been  noted 
in  other  cc  .  rents  studied  using  the  whole  cell  patch  tech¬ 
nique,  and  it  has  been  postulated  that  they  are  due  to 
dissipatio.i  of  a  Donnou  potential  due  to  the  slow  diffu¬ 
sion  of  la  ge  cytoplasmic  anions  into  the  pipette  (161), 
although  lA  some  cases  the  voltage  shifts  are  larger  than 
can  be  acc  >unted  for  by  this  mechanism  (53).  Although 
junctional  potential  shifts  probably  account  for  some  of 
these  changes,  several  additional  factors  also  may  un¬ 
derlie  these  changes.  These  include  the  likely  effect  of 
intracellular  fluoride  on  augmenting  the  rate  of  K^  in¬ 
activation  (17)  and  the  removal  of  inactivation  of  the  Kn 
conductance  when  cells  are  held  at  -80  or  -90  mV.  That 
is,  if  the  lesting  of  intact  lymphocytes  is  -70  mV  or 
less  negative  (estimates  of  in  unstimulated  T  lym¬ 
phocytes  obtained  using  indirect  fluorescent  piobes 
range  from  50  to  -70  mV)  (87),  then  the  K„  conduc¬ 
tance  would  be  partially  inactivated  at  rest. 

1)  Effects  of  unualenl  cations.  lon-substitUiion  stud¬ 
ies  reve Jed  the  A  ib  tv  tUg  permeability  ratio  for  the  Kn 
conductance.  ^i.O)  >  Rb  vC.77)  >  NH4  (0.10)  >  Cs 
(0.02)  >  Na  v^O.Ol)  (17),  which  is  similar  to  those  re¬ 
ported  for  other  delayed  rectifying  K  channels  (106, 
218).  In  h.b^h-K  medium,  the  Kn  conductance  increased, 
the  instantaneous  /-Urelatlon  became  inwardly  rectify¬ 
ing,  and  the  rate  of  channel  closing  (deactivation) 
slowed  (17).  Furthermore,  peak  G-V  relations  indicated 
that  the  Kn  conductance  was  activated  at  potentials  10- 
20  mV  more  negative  in  high-K  or  high-Rb  Ringer  than 
in  NH., -containing  or  normal  Na-containing  Ringer, 
suggesting  that  permeant  cations  interact  with  the  gat¬ 
ing  mechanism  of  the  Kn  channel  (17). 

2)  Effects  of  calcium.  Although  Cahalan  et  al.  (17) 
originally  reported  that  changing  the  [Ca],  from  10  ^  to 
It  ®  M  (with  glutamate  or  aspartate  as  the  primary  in- 
t  rnal  anion)  had  no  effect  on  the  magnitude  of  the  K„ 
current,  several  more  recent  observations  have  demon- 
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Repetitive  pulses 

A1  n  A2  n'  A3  / 


25  msec 


-60 

1 00*' 

*”"1 _ 

25  msec 


25  msec 


TEA  (miVI)  block 

C1  C2  C3 


FIG.  3.  Characterization  of  3  t>pei>  of  th>moc>  te  K  currents.  A  C.  columnt>  i-3  »cj;rei»cnt  n,  n  and  1  K  currants,  respectwelj.  A.  cumulative 
inactivation  of  K  currc.tt  during  ropetilive  depolanzatlon.  Voltage  btimuh  (200-m3  pulses  from  80  to  t30  ni  v  >  were  delivered  at  rata  of  1/s 
from  holding  potential  of  80  in\ .  Seven  responses  are  siipenmposeu.  B.  voltage  dependence  of  K-channei  closing  rates.  Activating  pulses  of 
10  20  ms  from  holding  potential  ^  80mV>to  t30  mV  (currents  notshov^n;  were  folluvved  bv  pulscsof  lOOto  40  mV,  C.  K-channel  blockade  by 
tetracthylammonium  (TEA).  K  currents  were  elic.lcd  b>  pulses  from  80  to  t30  mv  in  presence  of  0.3  -100  mM  TEACi.  In  Ci,  TEA  slows 
apparent  Inactivation  rate  of  K  *  uircnv,  not  by  unn  asking  TEA-resistant  current  component  but  through  direct  effect  on  nineties  of  type  n 
channi  Is.  Cells  were  bathed  in  Ringer  solution  containing  (in  mM)  160  NaCl,  1.5  KCl,  2  MgCl2, 1  CaCI^,  and  5  Na-HEPES  (pH  7.4>.  Pipette 
contained  (in  mM)  134  KF,  H  Kg-EGTA,  1.1  CaCl2, 2  MgCi2,  and  10  mM  K  HEPES  (pil  7.2).  [From  Lewis  and  Cahalan  (148).] 


strated  that  the  Kn  conductance  can  be  modulated 
[Ca],.  First,  when  the  patch  pipette  contained  10^®  M  Ca, 
whole  cell  currents  decreased  during  the  first  5  10  min 
of  recording  from  human  T  lymphocytes,  wherccis  they 
increased  during  the  first  5  10  min  of  recording  Ahen 
the  pipette  contained  10“**  M  Ca  (14).  Second,  adding  1 
fxM  A23187  increased  the  rate  of  K„  inactivation  and 
reduced  current  amplitude  by  oQTc ,  A  similar  effect  of 
A23187  on  currents  was  reported  in  the  human  Jur- 
lat  T-ccll  line  (52).  Finally ,  single-channel  recordings  of 
human  T-cells  obtained  in  excised  inside-out  patches  in¬ 
dicated  that  increasing  the  [Cal  from  10  to  10’®  M  al¬ 
most  completely  blocked  channel  activilj  in  arevcrsible 
manner  (14). 

IncreasiK*(  [CaJ,  10-fold  from  2  ;o  ^  20  mM  did  not 


increase  Kn  current  ttmplitude  but  shifted  the  G-Frela- 
tionship  to  more  positive  potentials  (17,  58)  and  in¬ 
creased  the  rate  of  inactivation  (36,  94>.  In  Jurkat  E6-1 
cells  the  rate  of  channel  inactivation  was  increased 
as  both  internal  and  external  Ca  increased,  suggesting 
that  Ca  can  enter  open  Kn  channels  from  either  the  in¬ 
side  or  the  outside.  The  effects  of  Cc*  ifn  Kp  cliannel  inac¬ 
tivation  arc  consistent  with  a  model  that  proposed  that 
Ca  binding  to  a  site  inside  the  channel  induces  a  confor¬ 
mational  change  that  inactivates  the  channel  rather 
th»,r.  inactivation  produced  by  a  direct  block  by  Ca  (91;. 

J)  pH  (iffectii.  Because  change.,  in  pHj  occur  in  iym- 
phocytes  after  mitogen  stimulation  (44,  78;,  clarifying 
the  role  of  K„  conductance  in  mitogenesis  necessitates 
examining  the  effects  of  pH,  on  the  conductance.  In 
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whole  cell  recoi dings,  Deutsch  and  Lee  (42)  reported 
that  the  condutlance  is  insensithe  jxiernal  pH  (pile) 
until  pHc  is  loweieJ  below  6.6.  In  coui  rast,  changing  the 
pH,  from  5.2  to  8.2  increased  the  a\eragc  peak 
current  in  human  T  lymphocytes  threefold  but  had  no 
effecv  on  the  threshold  of  acti\auon  or  on  inactivation. 
Dc  i.sch  and  Lje  i42)  described  tho  pH,  dependence  of 
the  conductance  by  a  model  with  two  strongly  cooper- 
ati\e  proton-binding  sites  with  an  acidic  dissociation 
constant  of  7.15.  The  threefold  increase  in  whole  cell 
currents  was  accompanied  by  an  increase  in  single¬ 
channel  conductance.  However,  the  increase  in  single¬ 
channel  conductance  .as  not  oufiicient  to  account  for 
the  increase  In  w  hole  cell  peak  current,  indicatii  that 
the  number  of  open  ch.mnels  may  also  be  aflv^cted  by 
I II,.  Thus  it  is  possible  that  alterations  in  the  Kn  con- 
luctance  Induced  by  pH,  changes  that  occur  during  the 
^ell  cycle  may  play  an  important  rok  in  prolifeiVvI-m. 

TcmiK.ratutt  Most  of  the  patch-clamp 

studies  in  leukocytes  have  been  done  at  room  tempera¬ 
ture  (^22''C»  However,  two  recent  studies  on  hu:  »an 
peripheral  T  ly  mphocy  tes  e.^amhied  the  effect  of  temper  - 
ature  on  Kn  conductance  (138,  194).  Changing  the  tem¬ 
perature  from  5  to  12''C  increased  the  Kn  current  ampli¬ 
tude  and  the  rates  of  activation  and  inactivation  and 
shifted  the  threshold  of  activation  o  moi'e  negative  po¬ 
tentials  vl9 1/*  Both  deactiv  ation  (the  rate  of  decay  of  the 
current  on  repelarization)  and  recovery  from  inactiva¬ 
tion  were  quite  tempei*ature  sensitive  (138).  At  37®C, 
cumulative  inactivation  did  not  occur  if  the  intei'pulse 
interval  was  2  s,  whei'eas  at  22'^C,  inactivatie  »as 
obser  ved  with  an  interpulse  interval  of  20  .s.  Iiese 
changes  indicated  that  iner'easing  the  temperature  aug¬ 
mented  the  number  of  open  channels.  From  the 
whole  cell  conductance  and  Bolumann  fits  of  the  activa¬ 
tion  and  inactivation  curves,  Pahapill  and  Schlicter 
(104 r  cotimaled  that  fr  om  50  to  70  mV  (the  estimated 
resting  1*,,),  5  20  Iln  channels  would  be  open  at  37''C 
compared  vv  ith  3  7  c  hannels  at  20''C.  The  single-channel 
conductance  also  Ii.r^a^ed  as  temperatuix*  increased 
(138,  104)  so  that  th  :  uierease  In  v>hoIe  cell  conductance 
at  37”C  probably  re.  alU  fr  om  increases  In  both  the  sin¬ 
gle  channel  conductance  and  open  channel  probabil¬ 
ity  (194). 

Simile  channrls.  Because  T  lymphocytes  have  a 
very  high  input  resistance  (on  the  order  of  20  G12),  it  is 
possible  to  record  single-channel  currents  in  the  whole 
cell  recording  configuration  (14,  17,  138).  In  human  T 
ly  mphocy  tco,  single-channel  currents  obtained  in  this 
manner  had  conductances  of  14  1  w  and  G  9  pS  in  normal 
Ringer  .solution  and  10  and  21  pS  in  high-K  medium  (11, 
17).  In  murine  T  lymphocytes,  channels  have  a  con¬ 
ductance  of  12  [iS  i38).  Single-channel  currents  dis- 
i  J  fiicker  or  'apid  closures  within  burst .5,  indicating 
at  least  twe  nonionductlng  states  of  the  channel.  In  e.\* 
cised  patches  exposed  to  sy  mmctrical  high-K  .solutions, 
/  Krelationships  of  single  K„  eh  an  nek  displayed  inw  ard 
rectification, similar  to  the  Inward  rectincatlon  noted  in 
instantaneous  /  V  relations  of  whole  cell  currents  in 
high  K  Ringer  fl7).  Unitary  current  amplkude  in- 


crea.sed  in  size  as  temperature  was  I'aised  from  22  to 
37^C,  the  most  prevalent  channel  had  a  conductance  of 
26  pS  at  37®C  compared  with  11  pS  at  22°C  (138).  The 
number  of  K„  channels  estimated  from  the  conductance 
of  the  single  -channel  curi'ent^  and  the  whole  cell  con¬ 
ductance  is  300-500  and  10-15  cl  aniicls  in  human  T-cells 
(17)  and  resting  murine  T  ly  '^.phoc^tes  (38),  respec¬ 
tively. 

6)  AntagouibL.  Antagonists  of  the  K„  conductance 
are  numerous.  They  include  classic  K  tkannel  blockers, 
classic  Ca  channel  blockers,  polyvak.it  cations,  and 
other  compounds.  The  K  channel  blockers  quinine  (5S, 
163),  Ti2A,  and  4-A.P  all  reversibly  block  this  conduc¬ 
tance  w  hen  added  to  the  bath  with  an  inhibitory  con¬ 
stant  (A",)  in  human  T  ly  mp  tocytes  for  quinine,  4-AP, 
and  TEA  of  14  gM,  190  /aM,  .  r  .1  8  mM,  respectively  (35). 
Of  these,  channel  block  by  cIA  has  bi.en  the  best  char¬ 
acterized  (38,  93).  In  inurint  .hymocytes,  TEA  reduceu 
the  apparent  single-channel  ampll  ude,  probably  by 
producing  a  fast  block,  the  kinetics  of  which  vver'e  above 
the  frequency  range  explored  (38).  The  dose-response 
relationship  for  the  single-channel  block  in  murine  thy- 
mocy  les  was  similar  to  that  for  blocking  macroscopic 
cuiver.is  (38).  In  the  human  lymphoma  line  Jurkat  E6-1, 
TEA  both  reduced  the  peak  current  and  slowed  the 
time  course  of  decay  so  that  the  Kn  current  integral  in 
the  presence  of  TEA  was  unchanged  (93).  These  data  fit 
a  kinetic  scheme  in  which  open  K  channels  blocked  by 
TEA  cannot  inactivate  (93). 

The  Kn  channels  also  are  blocked  by  a  number  of 
agents  that  inhibit  Ca  channels.  These  include  polyva¬ 
lent  cations  and  the  Ca  channel  antagonists  diltiazem, 
verapamil,  and  nifedipine  (23,  3C,  250)  In  human  T 

lymphocytes,  the  potency  .sequence  of  block  for 
these  agCi.ts  was  verapamil  (6  gM)  nifedipine  (24 
fjM)  ^  diltiazem  (60  ^M)  (23).  Although  the  potency  se¬ 
quence  has  not  been  reported  in  murine  T-cells,  these 
agents  also  produced  half  block  in  concentrations  rang¬ 
ing  from  1  to  40  inM  (38).  At  intermediate  concentra¬ 
tions  of  verapamil,  K^  channels  inactivated  more  rap 
idly  and  once  Inactivated  recovered  more  slowly.  Block 
by  verapamil  was  use  dependent,  increasing  with  fre¬ 
quency  of  channel  opening  (36,  250).  This  is  similar  to 
the  use-dependent  block  of  Ca  channels  previously  de¬ 
scribed  for  Ca  channel  antagonists  (137). 

Inorganic  polyvalent  cations  reduce  the  K„  conduc¬ 
tance  and  shift  the  G-  Ucurve  to  more  positive  potentials 
(36, 38).  Divalent  cations  have  been  shown  to  induce  sim¬ 
ilar  shifts  in  G  U relationships  of  other  K  conductances 
(51,  81).  In  hunuin  T  lymphucyles  the  potency  se^,aencc 
for  these  blockers  is  Ilg  ^  La  >>  Zn  ^  Co  Ba,  Cd  Mn, 
Ca  Sr  Mg  (36).  In  addition,  Ni  (1  mM)  also  reduces 
the  Kn  current  in  human  T  lymphocytes  (163).  Both  Co 
and  La  have  similar  blocking  effects  on  channels  in 
murine  T*cells,  although  murine  cells  may  be  somewhat 
less  sensitiv  c  to  poly  cation  block  (38).  The  in tci  action  of 
Ba  w  ith  the  channel  has  been  studied  in  Jurkat  E6- 1 
cells,  vv  here  it  w  as  demonstrated  that  external  Ba  enters 
the  ufjen  channel,  producing  a  use-dependent  block,  and 
is  trapped  inside  the  channel  when  it  closes  (94). 


792 


ELAINE  K.  GALLIN 


Volu7ne  71 


Other  cumpuunds  that  decrease  the  Kn  conductance 
are  the  calmodulin  antagonists  chlorpromazine  and  tri¬ 
fluoperazine  (19),  forskolin  (127),  retinoic  acid  (249),  and 
toxins  isolated  from  scorpion  \enom  (210,  226).  In  hu^ 
man  T  lymphocytes,  forskolin  (20  ^M)  decreased  the  Kn 
conductance  without  changing  the  voltage  dependence 
and  kinetics  of  inactivation.  Surprisingly,  the  effects  of 
forskolin  were  not  mediated  by  a  rise  in  adenosine  3',5'- 
cyclic  monophosphate  (cAMP),  since  raising  cAMP  lev¬ 
els  with  isoproterenol  plus  phosphodiesterase  or  witl- 
dibutyryl  cAMP  had  no  effect  on  the  Kn  conductance 
(127)  and  neither  did  1,9-dideoxy  forskolin,  an  analogue 
of  forskolin  that  does  not  stimulate  adeny  late  cyclase  in 
human  lymphocytes  (127).  There  is  precedent  for  a  di¬ 
rect  block  of  K  channels  by  forskolin  from  studies  in 
invertebrate  neurons  (33). 

Charybdotoxin  blocked  Kn  channels  in  human  and 
murine  T  lymphocytes  with  a  A'  of  ^0.5  nM  (210,  226). 
Because  it  inhibits  the  Kn  conductance  at  much  lower 
concentrations  than  other  antagonists,  it  may  be  a  p:  om- 
ising  tool  for  examining  the  functional  releva’ xe  of 
these  channels  (210).  Block  by  CTX  appears  to  .ccur 
when  the  channel  is  in  either  the  closed  or  open  s  .ate, 
because  it  blocked  at  a  holding  potential  of  80  m\  and 
because  there  w  as  no  indication  of  recov  ery  during  depo¬ 
larization.  Noxiustoxin,  purified  from  Cvuiruruidtb  nux- 
iua  also  blocks  K„  channels  w  ith  a  A'  of  0.2  nM  (226). 

Schumann  and  Gardnci'  (234)  reported  that  the  sen¬ 
sory  neuropeptide  substance  P,  which  stimulates  T- 
lymphocyte  proliferation  (198)  and  lymphokine  secrec- 
tion  (193),  decreases  the  peak  amplitude  of  the  Kn 
current  and  accelerates  the  rate  at  which  the  current 
inactivates  in  Jurkat  E6  1  cells.  The  effects  of  substance 
P  could  be  mimicked  by  the  addition  of  GTP7S  to  the 
pipette.  Intracellular  application  of  GDP/3S  (100-500 

blocked  the  action  of  substance  P,  suggesting  that 
GTP-binding  proteins  may  modulate  the  Kn  current 
However,  GTP7S  did  not  have  thio  effect  in  nor¬ 
mal  human  T-cells  (137). 

7)  Exprtatyiutt  tu  rcUiny  cc/A.  With  the  exception  of 
the  T-cell  lines  CCRF  USB  2  and  P12-Ichikavva,  Kn 
channels  are  present  in  all  T  lymphocytes  that  have 
been  examined  (36p  Identification  of  i>ubsets  of  human 
T  lymplioc;  tes  with  antibodies  indicated  that  resting 
T4/Leu3*,  T&/'Leu2%  and  alloactivated  cy  totoxic T-lym- 
phocytes  ah  expressed  Kn  channels,  although  cytotoxic 
T-cells  a|>pear  to  have  more  channels  (36).  Schlictcr  et 
al.  (232),  comparing  the  expression  of  Kn  channels  in 
immc**.ure  bunuin  thymocytes  (negative  for  the  T3  re¬ 
ceptor)  w.th  channel  expiession  in  mature  T3*  T  cells, 
found  that  channel  expression  in  these  two  groups  of 
cells  wa.  similar  Jind  concluded  that  Kn  channels  are 
exprcs.x  1  very  early  in  the  differentiation  process,  pos¬ 
sibly  befor*’  thymic  processing.  The  largest  number  cf 
Kn  channels  41,500  channels/cell)  has  been  reported  in 
CCRF  CEM  3A  cells.  Despite  the  vai  ation  in  K„  channel 
numbers  in  different  cell  lines,  no  cc.  relation  has  been 
made  betw  een  the  function  of  different  cell  lines  and  K^ 
channel  number  (36). 

This  is  not  the  case  in  primary  muiine  T  lympho¬ 


cytes,  which  have  only  10-15  K^  channels  in  the  resting 
mature  cell  (36).  In  murine  T-cells,  there  also  was  a 
correlation  between  the  type  of  K  channel  present  and 
T-cell  function,  K„  channels  predominate  in  mature  thy¬ 
mocyte  subsets  that  are  CD^CDg  (precuisors  to  helper 
T-cells),  whereas  in  the  mature  CD^CD^  thymocy  te  sub¬ 
set  that  contains  precursors  to  cytotoxic  and  supressor 
T-cells,  Ki  and  K„  channels  predominate  (148,  149). 
Functionally  immature  CD^CDg  or  CD^CDg  thymo¬ 
cytes  expressed  5-  to  10-fold  more  Kn  channels  than  ma¬ 
ture  resting  thymocytes  (148).  There  also  was  a  correla- 

between  the  number  of  Kn  channels  and  the  ability 
of  thymocytes  to  proceed  through  the  cell  cycle 
(148, 172). 

8)  Effects  of  aciivatioit.  The  T-cell  activation  after  in 
vitro  exposure  to  polyclonal  mitogens  and  cytokines  oc¬ 
curs  over  a  period  of  hours  or  days  and  often  results  in 
amplification  of  the  Kn  conductance.  In  human  T-cells,  a 
20-  to  24  h  exposure  to  the  tumor  promoter  TPA  or  con- 
canavalin  A  (Con A)  increased  Kn  conductance  1.7-  (40) 
and  2- fold  (163),  respectively.  In  contrast  to  the  slow 
^fleets  of  TPA  and  ConA,  DeCoursey  et  al.  (35)  reported 
that  1  min  after  exposure  of  human  T  lymphocy  tes  to 
phy  tohemagglutinin  (PHA),  the  kinetics  of  K^  channel 
gating  were  modified  so  that  the  G- Veurve  was  shifted 
by  15  mV,  thus  the  number  of  channels  open  at  rest 
would  double.  However,  subsequent  studies  on  human 
immature  thymocy  tes  and  human  T  lymphocytes  have 
failed  to  demons  rate  these  rapid  PHA-induced  changes 
in  the  K^  condm  lance  (138,  232).  No  effects  on  the  K^ 
current  were  noted  when  isoproterenol,  prostaglandin 
E2,  cAMP  analogues,  or  nucleotides  were  added  to  the 
bath  or  pipette  m  human  T  lymphocytes  maintained  at 
37^C  (138). 

Although  murine  resting  T  lymphocytes  have  many 
fewer  Kn  chan..  “Is  thar  human  T-cells,  after  stimula¬ 
tion  with  the  mitogen  ConA,  actively  dividing  cells  of 
either  the  helper  or  suppressor  cell  variety  exhibited  a 
large  augmentation  in  channels  (19,  38).  This  augmen¬ 
tation  of  the  Kn  channels  is  a  likely  cause  for  10-  to 
l5-mV  hyperpolarizaJon  in  murine  cells  exposed  to 
ConA  (122, 271).  In  the  murine  noncy  tolytic  T-cell  clone 
L2,  exposure  to  Interleukin  2  (lL-2)  increased  the  ampli¬ 
tude  of  the  K  currents  threefold  at  24  h  (141).  The  in¬ 
creased  current  was  maintained  for  72  h  and  paralleled 
the  IL-2  induced  augmentation  in  cell  size  and  DNA  syn¬ 
thesis. 

.9)  Cloniny,  Molecular  characterization  of  the  Kn 
channel  has  oeeii  carrLJ  out  using  probes  from  Shaker- 
related  K  channel  genes  to  screea  cDNA  libraries  from 
both  rats  (49)  and  mice  (97).  Injection  of  mRNA  encoded 
by  either  of  the  intron-k.?s  genes  MK3  (97)  or  RGK5  (49) 
into  Xcnojnts  oocy  ces  resulted  in  the  expression  of  ionic 
channels  with  similar  biophysical  and  pharmacological 
properties  to  the  Kn  channel.  The  amino  acid  sequence  of 
RGK5  is  GO  707L  homologous  with  the  Shaker  core  se¬ 
quence  (19).  Using  the  polymerase  chain  reaction, 
Grissmer  et  al.  (97)  demonstrated  that  MK3  is  tran¬ 
scribed  and  expressed  in  mouse  T-cclls.  In  addition, 
probes  prepared  from  the  unitjue  o  -noncoding  region  of 
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MK3  were  u&ed  to  loLaliz^e  MK3  tu  human  ehrumusuine 
13  (97). 

B)  L  co/u/uchi/at.  The  Kj  channels 

were  first  described  in  T-cells  fruni  mice  containing  two 
different  autosomal  iecei>si\e  mutations,  Ipr/lpr  and 
gld/gld  (21,  31,  9Gj.  Both  of  these  mutations  result  in  a 
liinphoproliferative  systemic  lupus  erythematous 
(SLE)-like  disease  that  develops  early  in  life.  The  K, 
channels  also  are  found  in  small  numbers  in  T  lympho¬ 
cytes  fiom  contiol  mice  (21).  The  K|  conductance  can  be 
distinguished  from  the  K„  conductance  in  that  it  acti¬ 
vates  30  mV  mule  positive  than  channels,  closes 
much  more  lapidly  on  repolarization,  and  inactivates 
more  slowly  and  less  completely  (37).  [Concanavalin  A 
shifted  the  voltage  dependence  of  Kj  channels  by  about 
10  mV,  but  these  channels  still  opened  at  mole  positive 
potentials  than  channels  (21).]  The  Kj  channels  also 
recover  from  Inactivation  more  rapidly  so  that  little  in¬ 
activation  accumulates  vv  Ith  repetitive  pulses. The  phar¬ 
macological  block  of  Ki  channels  also  differs  from 
channels,  they  aie  less  sensitive  to  Co  block,  are  100 
times  more  sensitive  to  TEA  [mean  inhibitory  constant 
(A'l,^)  30  100  ^M]  (37),  and  they  are  not  blocked  by 

CTX  (223).  Consistent  with  the  whole  cell  data,  single¬ 
channel  IV|  ci'i  rents  ai  e  op'en  at  more  positive  potentials 
and  have  a  larger  (21  pS)  conductance  (37)  than 
channels.  Addition  of  0.1  mM  TEA  to  the  bath  reduces 
single-channel  conductance  by  30h'  (37,  119),  which  is 
compatible  with  a  lapid  open-channel  block  mechanism 
like  that  for  channels. 

Shapiro  (211)  has  reported  that  channels  are  si m- 
ilai  to  one  of  the  “fast’*  K  conductances  called  gf^j  chan¬ 
nels  in  node  of  Ranv  iei  (30).  Unlike  cun  ents,  but  like 
gfijcuiients,  K,  cuiient  activation  could  not  be  fitted  by 
lIodgkinTIuxley  n*  kinetics  but  Aas  well-fitted  by  a  de¬ 
lay  followed  by  a  single  e.vponential.  Besides  similarities 
in  kinetics  and  voltage  dependence,  pharmacological 
agents  known  to  block  gf^  channels,  such  as  capsaicin 
(31)  and  naloxone  (112),  also  block  Kj  channels  (211). 

The  ionic  selectivity  of  K,  channels  to  monovalent 
cations  is  roughly  similai  to  that  for  channels,  except 
foi  a  higher  Cs  permeability  (213).  Foi  Kj  channels,  the 
permeability  sequence  based  on  biionic  reversal  poten¬ 
tials  is  K  Rb  NII„  Cs  Na.  The  species  of  per¬ 
meant  ion  stiongly  modulates  deactivation  kinetics  of 
K|  channels  (213).  This  phenomenon  is  similar  to  per¬ 
meant  ion  effects  on  channels  (17).  The  inward  NH, 
cuirent  was  ovei  10  times  that  foi  Cs,  even  though  the 
pel  meabilitits  wcie  neai  ly  identical.  This  large  discrep¬ 
ancy  between  selectivity  and  conductance  indicates  that 
K|  channels,  like  most  othei  K  channels  (108),  are  multi¬ 
ion  pores. 

Monoclonal  antibodies  against  specific  subsets  of 
T  cells  were  Used  to  characteiize  K|  channel  expression 
in  both  T-cells  from  healthy  mice  and  T-cells  fium  mu¬ 
rine  moilels  of  SEE,  type  I  diabetes  mellitus,  and  expel  i- 
mental  allergic  cnu  phalomy dills  (21,  9G).  The. T-cells 
from  these  diseased  mice,  which  were  phenolvpicalh 
Thyl,2\  B220\  and  F23.1spE  displayed  a 

large  number  of  Kj  channels,  whereas  [ihenutypically 


similar  T-cells  from  control  mice  or  mice  before  the  on¬ 
set  of  the  disease  did  not.  Other  T-cell  subsets  from 
these  diseased  mice  expressed  a  normal  pattern  of  K 
channels  (21).  Thus  the  abundant  expression  of  the  Kj 
channel  may  be  a  marker  for  the  onset  of  autoimmunity. 
In  developing  thymocytes  from  normal  mice,  K|  chan¬ 
nels  were  rarely  found  in  CD4CD8  or  CD^CDg  thymo- 
cy  tes  but  were  found  on  CD4  CDg  thymocytes,  which  are 
destined  to  become  major  histocompatibility  class  I- 
restricted  cytotoxic  or  supressor  T-cells  (149).  There  is 
no  cv  idence  for  the  existence  of  K|  channels  in  human 
T-cells.  However,  Kj  channels  have  been  reported  in  the 
human  Burkitt’s  lymphoma  cell  line  Louckes  (242). 

C)  N'-type  putanHiano  conductance.  Examination  of 
subsets  of  developing  T-cells  from  the  murine  thymus 
has  revealed  a  K  conductance  that  has  the  same  voltage 
dependence  of  activation,  closing  kinetics,  and  sensitiv¬ 
ity  to  CTX  as  the  conductance  but  displayed  little 
cumulative  inactivation  and  was  less  sensitive  to  block 
by  TEA  (Ku2  ~  100  mM)  (148).  However,  it  was  blocked 
by  nanomolar  concentrations  of  CTX  (226).  Correspond¬ 
ing  single-channel  currents  having  a  conductance  of  17 
pS  have  been  identified  (148).  Cell  surface-staining  tech- 
niijues  revealed  that  CD^CDg  cells  destined  to  become 
MHC  class  I-restricted  cytotoxic  or  supressor  T-cells 
most  often  expressed  as  Kn-  channels. 

II)  CALCIUM- ACTIVATED  POTASSIUM  CONDUCTANCE. 
Radioisotope  flux  and  potentiometric  dye  studies  have 
provided  substantial  indirect  evidence  that  T  lympho¬ 
cytes  possess  a  Ca-activated  K  conductance  (87, 91, 119, 
219,  271).  Fur  example,  in  rat  thymic  lymphocytes  and 
human  peripheral  blood  mononuclear  cells,  elevation  of 
[Ca],  in  the  submicromolar  range  hy  exposure  to  iono- 
mycin  induces  a  membrane  hyperpolarization  (mea- 
isured  with  fluorescent  dyes)  that  parallels  the  increase 
in  [Ca]„  depends  on  the  K  gradient,  and  is  inhibited  by  25 
nM  CTX  (91). 

Despite  such  observations,  patch-clamp  studies  by 
several  different  investigators  in  a  variety  of  T-cells 
failed  to  demonstrate  Ca-activated  K  conductances  in 
T-cells  until  Mahaut-Smith  and  Schlichter  (160)  demon¬ 
strated  the  presence  of  a  Ca-activated  K  conductance  in 
rat  thymocytes  and  human  B  lymphocytes.  In  that 
btiuJy ,  exposing  cells  to  ionomy  cin  induced  channel  activ¬ 
ity  in  90?<  Oi*  the  cell-attached  patches.  Two  amplitude 
channels  w  ere  noted.  The  smaller  (7  pS)  channel  was  not 
w  ell  characterized,  but  the  larger  channel  had  little  volt¬ 
age  dependence  in  the  range  from  20  to  -120  mV  applied 
to  the  pipette  and  exhibited  inward  rectification.  Its 
single-channel  conductance  was  25  pS  for  inward 
currents  and  15  pS  for  outw  ard  currents.  Channel  activ¬ 
ity  could  be  retained  in  a  percentage  of  the  patches  after 
excision  and  increased  when  [Cajj  was  increased  from 
100  to  300  nM.  However,  excision  of  the  patch  altered  the 
kinetic  behavior  and  the  conductance  of  the  channel, 
and  channel  activity  frequently  disappeared.  Similar 
channel  *ictivation  has  been  reported  after  exposure  of 
rat  thymocytes  to  the  mitogen  ConA  (159). 

At  this  time,  it  is  not  clear  how  w'idcly  distributed 
the  Ca-activated  K  conductance  is  among  T-cells.  A  pre- 
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liminary  report  in  Jurkat  E6-1  ly  mphucy  tei>,  in  which 
the  perforated  patch  technique  (lllj  was  used,  demon¬ 
strated  that  ionom>cin  induces  a  current  that  ma>  be  a 
Ca’activated  K  conductance  (95).  Further  work  is 
needed  to  determine  if  this  channel  is  found  in  most 
T-cells  and  w  hether  the  pi  ev  ious  failure  to  detect  Ca-ac- 
ti\ated  K  channels  was  due  simpl>  to  washout  of  the 
current  in  the  whole  cell  and  excised  patch  configura¬ 
tion. 

2.  Sodium  comhiciance 

Sodium  channels  with  gating  properties  similar  to 
Na  channels  in  excitable  cells  have  been  described  in 
human  and  murine  T  lymphocytes  (3Gj,  in  human  thy¬ 
mocytes  (231),  and  in  several  T-cell  lines,  including  Jur¬ 
kat  E6-1,  MOLT-4,  MOLT-17,  CCRF-CEM,  CEM-1-3, 
and  K5G2  cells  (36, 139,  232,  284).  The  Na  currents  were 
abolished  by  replacement  of  external  Na  with  Cs  or 
TEA,  tetrodotoxin  (TTX,  100  nM)  also  reversibly 
blocked  the  channels.  The  Na  channels  from  murine  T- 
cells  were  less  sensitive  than  human  T-cells  to  TTX 
block  (17,  38).  Single-channel  currents  evident  in  some 
whole  cell  lecords  indicated  that  the  single-channel 
conductance  was  20  pS  for  human  T-cells  (17)  and  16*18 
pS  for  murine  T-cells  (38). 

Sodium  channels  are  present  in  only  a  small  per¬ 
centage  (3  of  90  cells)  of  human  resting  T  lymphocytes 
(17)  but  are  in  as  many  as  one- third  of  the  unstimulated 
mouse  MRL-n  strain  of  T  lymphocytes  (38).  xVetivation 
of  murine  T-cells  with  ConA  did  not  increase  the  per¬ 
centage  of  cells  expressing  Na  currents  but  did  produce 
a  10-fold  increase  in  the  numbei  of  Na  channels  per  cell. 
However,  T-cells  from  other  strains  of  mice  had  fewer 
Na  channels.  With  the  exception  of  murine  NK  clonal 
cells  and  K563  leukemic  cells  that  e.xpress  a  high  density 
of  channels,  T-cells  do  not  usually  contain  enough  Na 
channels  to  generate  action  potentials  (18). 

S.  Calcium  conductances 

The  T-cell  receptor/CDg  ligands  oi  mitogenic  lec¬ 
tins  induce  an  increase  in  [Ca],  that  is  essential  for  sub¬ 
sequent  activation  events  (72,  87,  271).  The  rise  in  [Ca], 
has  two  components,  a  release  of  Ca  from  intracellular 
stores  (2,  113)  and  an  influx  of  extracelluhir  Ca  that  is 
blocked  by  Ca  channel  antagonists,  such  as  La  (2,  188). 
Although  it  has  been  postulated  that  the  influx  of  Ca 
occurs  through  classic  voltage-dependent  Ca  channels, 
such  channels  have  only  been  reported  in  Jurkat  77  6.8 
cells  [(52),  studies  of  other  Jurkcit  T-cell  lines  have  faileo 
to  confirm  this  report  (36,  T.  E.  DeCoursey,  personal 
communication)].  In  those  cells,  a  voltage  gated  Ca  con¬ 
ductance  with  slow  kinetics,  consistent  with  the  behav¬ 
ior  of  L-type  channels  tl87),  was  enhanced  after  expo¬ 
sure  to  PIIAand  may  mediate  the  PIIA  stimulated  rise 
in  [Ca],  that  occurs  after  PIIA  stimulation.  Patch-clamp 
studios  have  failed  to  demonstrate  classic  voltage-gated 


Ca  channels  in  other  types  of  T-cells  (17,  58,  163).  Thus 
Ca  influx  during  T-cell  activation  must  be  mediated  by  a 
non-voltage-gated  Ca  transport  mechanism(s)  (72, 152). 

Voltage-insensitive  inward  Ca  (or  Ba)  currents 
w  ere  first  described  in  celi-attached  and  whole  cell  re¬ 
cordings  from  a  human  cloned  helper  T-cell  line  (131).  In 
cell-attached  patches  with  110  mM  Ba  in  the  patch  elec¬ 
trode,  single-channel  currents  had  a  linear  /-F  curve 
with  an  extrapolated  reversal  potential  of  '^60  mV  and 
a  ^^7  pS  conductance.  They  were  infrequently  open  in 
cell-attached  recordings  of  quiescent  cells.  However,  the 
probability  of  opening  was  increased  by  bath  applica¬ 
tion  of  PHA,  indicating  that  PHA  was  exerting  its  effect 
through  a  second  messenger  (131).  A  PHA-stimulated 
voltage-insensitive  current  that  was  blocked  by  Cd  w^as 
also  noted  in  whole  cell  records  (131),  however,  tnere 
was  little  ev  idence  that  it  was  a  Ca  current.  Similar  sin¬ 
gle-channel  activity  was  recorded  in  human  cloned 
helper  T-cells  using  monoclonal  antibodies  against  the 
antigen/'major  histocompatibility  complex  receptor  T3- 
Ti  (CD3  specific)  or  the  sheep  erythrocyte-binding  pro¬ 
tein  Til  (CD2  specific),  demonstrating  that  a  variety  of 
stimuli  that  increase  [Ca],  activate  these  channels  (72). 
Although  little  is  known  about  the  pnarmacology  of  this 
channel,  in  Jurkat  E6-1  cells  it  could  be  activated  by  the 
Ca  agoni..t  BAY  K  8644  (289).  Moreover,  as  shown  in 
Figure  4,  exposure  of  the  cytoplasmic  membrane  surface 
to  micromolar  concentrations  of  Ins(l,4,5)P3  activated 
similar  channels  in  a  dose-dependent  fashion  during  ex¬ 
cised  inside-out  patch  recordings  from  human  Jurkat 
E6-1  T-cells  (130),  suggesting  that  this  Ca-permeable 
channel  is  part  of  a  relatively  new  class  of  inositol  phos- 
phate-sensitive  Ca  channels  (200,  275).  In  addition,  ex¬ 
cised  patch  studies  indicate  that  the  channel  may  be 
autoregulated  by  Ca,  since  elevating  [Ca],  suppressed 
channel  activity  (72;  Fig.  4). 

Lewis  and  Cahalan  (151)  have  demonstrated  that 
exposure  of  Jurkat  T-cells  to  PHA-induced  oscillations 
in  [Ca],  depended  on  [CaJ,  influx  and  were  suppressed  by 
depolarizing  the  cells  with  high-K  medium.  Whole  cell 
patch-clamp  recordings  from  those  cells  revealed  a 
small  (~7  pA  in  10  mM  intracellular  EGTA)  voltage-in¬ 
dependent  Ca  current  that  was  activated  within  seconds 
of  obtaining  a  whole  cell  recording.  The  current  was  in¬ 
ward  at  potentials  up  to  20  mV,  did  not  reverse  at  volt¬ 
ages  up  to  100  mV,  w  as  diminished  by  decreasing  [Ca]^, 
and  was  blocked  by  5  mM  Ni  or  1  mM  Cd.  Interestingly, 
this  current  developed  w  ithout  any  notable  single-chan¬ 
nel  activity  or  increase  in  baseline  noise.  Thus  the  sin¬ 
gle-channel  conductance  must  be  quite  small  (<1  pS) 
and  may  even  be  due  to  the  activation  of  an  electrogen ic 
pump  or  e.xchange  mechanism  rather  than  an  ion  chan¬ 
nel.  In  perforated  patch -clamp  recordings  (obtained  by 
placing  nystatin,  a  pore-forming  antibiotic,  in  the  pi¬ 
pette),  an  oscillating  Ca  current,  the  rise  and  fall  of 
which  preceded  the  oscillations  in  [Ca]„  could  be  acti¬ 
vated  by  adding  PIIA  (151).  The  temporal  correlation 
between  the  oscillations  in  [Ca],  and  current  activation 
supports  the  view  that  this  current  was  causally  related 
to  the  (Ca]i  oscillations. 
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FIG.  L  Siniile  inositol  l.I.o-trisphosphale  |Ins(  L^LGlPsl^induced 
inward  currents  recorded  from  inside-out  membrane  patch  excised 
from  Jurkat  cell.  Patch  pipette  contained  1 10  mM  HaClj,  200  nM  letro- 
dotoxin  (TTX),  and  10  mM  IIEPES-KOII  (pll  7.0).  Membrane  patch 
cytoplasmic  surface  was  bathed  in  solution  containing  (in  mM)  150 
KtO,  0..V>  Catlj.  2  Mgt  Ij.  1.1  EOT  A,  and  lu  IIEPES-K(JlI  tpll  7.:i). 

Holding  putcitlial  vsa.^  0  a  A .  Iitv\aitl  torrcnU  alt  Auun  as  du\MU\ard 
difUtUun*  ffuiii  ba.'^tliia  All  rituriL  vvtrc  hltured  al  1  klU.  A. 
In'^nj,5d’3  imiuccd  inward  currcnu  from  1  txciMui  inside  out  patch 
at  slow  sw’eep  speed  Arrows,  addition  of  Ins(L<L5)p3  and  CaCL  to 
bath.  No  inward  currents  were  observed  in  patch  for  >5  min  before 
addition  of  IiisiLLoilV  Tirsi  break  in  rei*>rdinu  indicates  interrupt 
lion  of  1  non  during;  ahith  pultnlial  v\a.^  ti  tn^ed.  I'  ir^t  bath  addition 
ijf  In.'*!  1, 1.  * 'Pj  ri  r»ullti!  iH  ill  A  ard  current  ^iv  Ilv  a  ithm  10 1>  of  iiddi- 
lion  to  bath  Iinvard  currents  appeared  for  <00  s  and  then  disappeared 
for  period  of  >*I  min.  Top  and  Imttom  traces  were  interrupted  during 
this  interval,  Second  <tppiication  of  InstLLoiPa  (tinal  concentration 
./.U/iMi  iiiitiicdtuLtL  cbttltd  iiiiVaril  turrcfiu  that  were  su^lainud  fur 
iiiin  InUn  uptkui  in  Irate  lnditalc:>  a  J  nnn  inltrval  during  vvliicb 
membrane  potential  was  changeil  Inward  currenUs  were  abolished  1).\ 
application  of  CaCIj  (final  coneenlration  2  mM)  to  internal  bathing 
solution.  li:  !ns{L1.5)IVinduced  unitary  inward  currents  al  higher 
liiiii  re>olutiun  with  ^aiupiiiig  rale  uf  -I  kll/,.  Lvjt.  cuniroi  recordings 
lit  fi'ft  ap)nit.&Uun  of  In.^t  I.  LoiPj.  Iltifhi.  iiiAaril  turreni  traces  in  prej»- 
ence  of2'/4M  In^fI,l,7iPj  [R<.piintcd  b>  permi^.^iun  from  Kunuand 
Gardner  ( PIO)  f7)py»*ighl*  P)s7  Macmillan  Magazines  Limited  ] 


Both  thu  small  Ca  (Ca,i  current  dcscriuud  by  Lewis 
and  Cahalan  tl51l  «ind  the  Instl,l,5)P3'induced  Ca/Ba 
(Caing/'peimeablt  uuienL  described  by  Kiinu  and 
Gardnel  tloO;  weie  v ullage  Insensitive  and  were  inhib-^ 
ited  by  increases  in  [Ca],.  However,  these  currents  dif- 
fcied  in  the  following  ways.  from  reversal  potential 
measurements,  the  Caj,  eurient  is  more  selective  for  Ca 
than  the  Cai„  current,  J)  the  amplitude  of  the  whole  cell 
Ca^  current  was  100  fold  smaller  than  the  whole  cell 
Cains  current,  and  no  single  eh.mncl  current  fluctua¬ 
tions  «tccumpanied  Ca^*  curicnts.  It  is  unlikely  that  these 
differences  leflect  dllFci  cnees  In  e.xpcrimental  protocol, 
although  the  study  of  Lewis  and  Cahalan  tlol)  was  per- 
foi  med  In  2  mM  cAliaccllulai  Caand  most  of  the  record¬ 
ings  of  Kuno  and  Gardner  (130)  were  obtained  in  110 
mM  Ba.  Further  studies  at  e  needed  to  detei  mine  if  these 
arc  related  currents  or  if  two  differ ent  voltage-insensi¬ 
tive  Ca  transporters  exist  in  T  lymphocytes. 


A  single  study  on  bilayers  containing  plasma  mem¬ 
brane  from  the  human  T-cell  line  REX  has  showm  small 
(2-3  pS  under  conditions  of  symmetrical  100  mM  Ca) 
single-channel  Caor  Ba  currents  thatw^ere  inhibited  by 
La  (199).  These  currents  were  induced  by  adding  three 
different  monoclonal  antibodies  that  interacted  with 
the  T3-Ti  receptors  on  REX  cells  but  that  were  not  acti¬ 
vated  by  monoclonal  antibodies  directed  against  the  Ti 
receptor  of  different  T-cell  lines  or  against  theT4  anti¬ 
gen.  Because  channel  activity  was  present  in  isolated 
bilayers,  the  data  suggest  a  physical  link  between  the 
T3-Ti  receptor  and  the  ionophore  and,  in  contrast  to  the 
findings  of  Gardner  (72),  argue  against  the  indirect  ac¬ 
tivation  of  the  channels  by  a  second  messenger  (199). 
Unfortunately,  no  data  were  presented  on  channel  selec¬ 
tivity  or  voltage  dependence.  Furthermore,  the  relation¬ 
ship  of  these  currents  to  the  Cain,  channels  described  by 
Gardner  (72)  is  uncertain. 


4-  Chloride  conductances 

I)  LARGE  CHLORIDE  CONDUCTANCE.  Single-channel 
currents  of  a  large-conductance  voltage-dependent  Cl 
channel,  similar  to  the  Clj^ channels  described  in  macro¬ 
phages,  myotubes  (236),  and  B-cells  (12),  have  been  de¬ 
scribed  in  whole  cell  (19)  and  excised  patch  (230)  record¬ 
ings  from  T  lymphocytes  and  thymocytes.  Single-chan¬ 
nel  conductance  was  ^-365  pS.  The  channel  exhibited 
several  subconductance  states  that  had  the  same  volt¬ 
age  sensitivity,  ionic  selectivity,  and  block  by  Zn  as  the 
fully  conducting  channel.  The  most  frequently  noted 
subconductancc  states  were  in  multiples  of  45  pS.  Unlike 
the  macrophage,  where  the  anion/cation  selectivity  of 
the  Cli,  channel  was  5:1  (236),  in  the  T-ccll  this  channel 
was  30  times  more  selective  for  Cl  than  for  Na  or  K  (230). 
Anion  selectivity  sequences  determined  from  cither  re¬ 
versal  potentials  or  conductance  ratios  produced  similar 
results  in  contrast  to  the  findings  in  B  lymphocytes, 
where  different  selectivity  sequences  w'erc  determined 
using  these  two  types  of  measurements  (12).  The  selec¬ 
tivity  sequence  for  the  T-ccll  Cli,  channel  was  I  >  NO3  > 
Br,  Cl  F,  iscthionate,  HCO3  SO4  >  gluconate,  propio¬ 
nate  aspartate  (230).  As  in  macrophages  (sec  sect 
IILlJ),  these  channels  opened  and  then  closed  in  a  tiine- 
dependenl  manner  with  c.xcursions  of  -t20  mV,  and  the 
stead> -state  probability  of  channel  opening  fit  a  bell- 
shaped  curve,  fitting  a  model  of  a  channel  with  one  gate 
that  closes  at  negative  potentials  and  a  second  gate  that 
closes  at  positive  potentials  (230). 

Interestingly,  recent  observations  by  Pahapill  and 
Schlicter  (105)  indicated  that  channel  activity  changes 
dramatically  when  cells  are  maintained  atST'^C  rather 
than  at  room  temperature.  It  should  be  emphasized  that 
all  hut  a  few  of  the  patch-clamp  studies  in  leukocytes 
have  been  performed  at  room  temperature  and  that  the 
activity  of  ionic  channels  under  these  conditions  may 
differ  from  their  activity  atST^'C.  For  example,  at 37^ (T, 
Clj,  channels  were  active  at  rest,  and  activity  increased 
with  hypcrpolarization. 
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In  cxcibcii  patchub,  the  CIi.  channel  can  be  activated 
the  cutal>  tie  bubunit  uf  prutein  kinabc  A  plub  ATP, 
indicating  that  It  ma>  be  regulated  b>  becutid  mcbben 
gerb  il94;.  The  channel  wab  re\erbibl>  blocked  b>  Zn  or 
Ni  il  niM)  added  to  the  c^toplabiiiic  bide  of  the  nieni 
brane.  Block  b>  Zn  wab  Jecreabed  b>  h>perpolarizing 
the  membrane,  bUggebtIng  that  the  cation  plugged  the 
channel  (230). 

II)  SMALL  CHLORIDE  CONDUCTANCE.  One  Study  re¬ 
ported  that  when  the  patch  electrode  contained  a  hyper¬ 
tonic  K-aspartatc/ATP-containing  solution,  T  lympho¬ 
cytes  exhibited  a  small  Cl  (Cl,)  conductance  that  is  ab¬ 
sent  immediately  after  establishing  the  whole  cell 
configuration  but  then  blo\\l>  developb  il  IT;.  Thib  con¬ 
ductance  wab  prebcnt  in  moubc  bplenic  T-cellb,  Jurkat 
EG  1  cellb,  and  human  T-cellb,  had  an  anionic  per  nieabil 
it>  sequence  uf  NO3  ^  Br,  Cl,  F  ^  inethancbulfonate 
abcorbate  ^  aspartate,  and  could  be  rcversiblv  blocked 
b>  2  mM  SITS  i  19, 1  IT;.  The  Cl,  channels  were  too  small 
to  resolve  at  the  single-channel  level,  but  noise  analysis 
resulted  in  an  estimate  of  2.G  pS  for  the  single-channel 
conductance.  From  this  estimate  and  the  measured 
whole  cell  conductance,  the  number  of  Cl,  channels  was 
estimated  to  be  quite  high,  on  the  order  of  1,000  il9;. 

drub  sib  of  ATP  appears  to  be  required  for  activation 
of  this  conductance,  since  the  current  was  induced  b\ 
internal  ATP  and  ATPyS  ia  nunh>drol>zable  ATP  ana 
logue)  but  not  b>  ADP,  AMP,  or  AMP  PCP  (1  IT;.  It  was 
hvpothesized  that  the  Cl,  conductance  participates  in 
the  regulatorv  volume  decrease  iRVD;  that  occurs  in 
kvmphocvtcs  exposed  to  h^potoUic  conditions.  Unfortu 
natelv,  no  subsequent  studies  have  e.\amined  this  chan¬ 
nel  or  its  role  in  RVD. 

Ill;  ADENOSINE  3VT  CYCLIC  MUNUPHUSPHATE  DE- 
PENDENT  CHLORIDE CoNDL  CTANCE.  Ch loi  ide  channel  ac 
tivit>  similar  to  that  described  in  epithelial  cells  {2TT; 
was  reported  in  e.xcised  inside  out  patches  from  Jurkat 
EG  1  cells  t2G;.  These  single -channel  currents  were  out 
v\ardl>  rectifving  in  symmetrical  solutions  and  had  a 
slope  conductance  at  0  mV  of  10  pS.  Reversal  potential 
shifts  produced  bv  changing  e.xtracelluiar  Xa  and  Cl 
concentrations  indicatetl  that  the  Cl  to-Na  permeability 
ratio  was  lO.l.  In  excised  patches  the  kinetic  behavior  uf 
the  channel  was  comple.x,  with  prolonged  bursts  in¬ 
terrupted  by  brief  flickers  and  long  closures,  channel 
activation  required  10  *  M  [CaJ,.  However,  once  the 
channel  was  activated,  lowering  (CaJ  to  10^®  M  had  no 
affect  on  channel  gating.  Similar  v.hannel  activity  could 
he  induced  in  cell  alUiched  patches  after  exposure  to 
S  brumo  cAMP  Furthermore,  channel  activity  was 
induced  when  liu  c^lopLvsmic surface  uf  e.\ciscd  patches 
was  exposed  lu  the  c.iLil.htic  subunit  of  cAMP  depen 
dent  protein  kinase  plus  ATP.  Thus  this  channel  ap¬ 
peared  to  be  a  cAMP  dependent  Cl  iCl^i  channel  similar 
to  that  described  in  airway  epithelial  ceils  <277 1.  In  epi¬ 
thelial  cells,  rcgiilalton  uf  the  Cl^  channel  was  rcfiortcd 
be  defective  in  cystic  fibrosis  (3a,  2T7i,  and  Chen  et  al. 
<23 1  ha^t  shown  that  it  Is  also  defective  in  lymphocytes 
from  cystic  fibrosis  patients  (sec  sect, 

More  recently,  Bublen  ct  al.  <13i,  using  iliiurescencc 


digital  imaging  uf  the  halide-sensitive  fluorophurc  6- 
metho.xy  A'-<3*sulfupropyl;quinoIinium  and  whole  cell 
patch  clamping,  confirmed  that  both  T  and  B  ly  mphi*- 
cy  les  from  cystic  fibrosis  patients  lack  a  Cl  current  that 
can  he  activated  by  the  addition  of  either  cAMP  or  iuno- 
my  cin  to  the  cells.  They  also  reported  that  ly  mphecytes 
in  G|  had  a  significant  spontaneous  Cl  permeability, 
whereas  Go  and  S  phase  cells  had  a  low'  Cl  permeabil¬ 
ity  (15). 

5.  Physioloffical  relevance 

l;  setting  RESTING  MEMBRANE  POTENTIAL.  Esti¬ 
mates  of  Vjn  in  populations  of  normal  resting  mamma¬ 
lian  lymphocytes  obtained  using  potenliometric-sensi- 
ti\  e  dyes  and  TPM  P  *  range  from  50  to  70  mV  (39, 122, 
271, 280;.  These  studies  indicated  that  the  uf  lympho- 
cy  les  was  primarily  a  K  diffusiun  potential  (87).  From 
patch-clamp  studies,  Cahalan  et  al.  <17;  estimated  in 
human  T-cells  that  0.1  2  iof  the  300-100;  channels 
are  open  al  the  resting  Using  a  [K\  of  130  mM  (39) 
and  th.  unitary  conductance,  Cahalan  ct  al.  (17)  cal¬ 
culated  that  the  net  K  efflux  through  open  K„  channels 
would  be  10  400  10  mol/min  and  concluded  that 

this  flux  could  account  for  the  resting  K  fluxes  mea¬ 
sured  in  ly  mphocy  les  by  Segel  and  Lichtman  (237 ).  Fur¬ 
ther  support  for  the  involvement  of  channels  in  set¬ 
ting  the  resting  comes  from  the  observation  that 
errX,  which  blocks  K„ channels (226),  depolarizes  human 
peripheral  blood  monocy  les  under  conditions  (depleted 
[Ca],)  in  which  a  Ca'aclivalcd  K  conductance  should  not 
be  active  (91).  However,  this  observation  differs  from 
that  of  Wilson  etal.  (281),  who  reported  that  CTX  had  no 
effect  on  the  resting  uf  unslimulatcd  human  T-cclls. 
In  addition,  single-channel  currents  should  be  evi¬ 
dent  in  ccll-attached  patches  if  they  participate  in  set¬ 
ting  the  resting  but  Dcutsch  (personal  communica¬ 
tion;  reports  a  failure  to  record  channels  at  70  mV 
in  cell  «aUached  patch  e.\periments.  Furthermore,  even 
though  K„  channels  may  contrihulc  to  the  resting  in 
T  cells  that  have  high  numbers  of  channels,  this  is 
less  likely  fur  cells  that  exhibit  fewer  channels,  such 
.IS  resting  mature  murine  T  lymphocytes.  The  observa¬ 
tions  tluat  (3TX  has  little  effect  on  the  resting  of  rat 
thymocytes  (91i  or  murine  spleen  and  thymus  cell  (231) 
may  reflect  this  possibility. 

Because  the  I «  of  quiescent  T-cclls  is  signitlcanlb 
less  ncg.ativc  than  the  (^^hich  is  approximately  90 
mVi,  other  permcaiiilitics,  such  as  the  Cl  c  r  Ca  conduc¬ 
tances  described,  must  contribute  to  the  f In  human 
cloned  T  ly  mphocy  tes,  a  vultage-indcii€ndt.nt  Ca-pcrmc- 
ablc  channel  has  been  shown  to  be  open,  albeit  infre¬ 
quently,  at  re&i  1 131 1  and  therefore  would  tend  to  depo¬ 
larize  the  cells.  In  addition,  the  preliminary  report  by 
Pahapill  and  Schlicter  (195i.  indicating  thatat37^Chu- 
man  T-ccIl  CI|,  channels  arc  active  al  rest,  implies  that 
these  channels  contrihulc  to  the  resting  1^.  This  seems 
somewhat  surprising  for  several  reasons.  First,  the  ba¬ 
sal  Cl  |ierme«ilnlBty  In  human  lymphocytes  is  very  low. 


July  1991 


ION  CHANNELS  IN  LEUKOCYTES 


797 


and  it  is  unaffected  b>  changing  (vvhich  would  not  be 
the  case  if  Cl  transport  occurred  via  a  voltage-depen* 
dent  conductive  pathway)  (86).  Second,  Cl^  channels 
have  such  a  large  conductance  that  the^  would  be  ex¬ 
pected  to  overwhelm  the  conductance,  effectively 
clamping  the  cell  at  £’u-  Further  studies  are  required  to 
determine  w^hich  conductances  play  a  role  in  setting,  the 
resting  of  the  different  types  of  T-cells. 

II)  RESPONSE  TO  MITOGENS.  Numerous  studies  have 
implicated  both  K  and  Ca  conductances  in  T  lymphocyte 
proliferation  (for  reviews  see  Refs.  72,  87).  In  contrast, 
Na  transport  also  is  stimulated  during  mitogenesis,  but 
the  main  route  for  Na  entry  is  via  the  Na-H  exchanger 
(87).  This  conclusion  fits  with  the  observation  that  TTX 
had  no  detectable  effect  on  mitogenic  response  of  T-cells 
(17).  At  present,  no  direct  data  exist  about  the  function 
of  Cl  channels  in  T-cell  proliferation,  although  BIDS,  an 
anion  transport  antagonist,  inhibited  the  ability  of 
monoclonal  anti-CDa  complex  antibodies  to  stimulate 
Ca  influx  in  Jurkat  T-cells  w  ithout  affecting  Ca  release 
from  intracellular  stores  (222). 

A)  Potassium  channds.  Because  patch-clamp  stud¬ 
ies  have  only  recently  described  Ca-acti\ated  K  chan¬ 
nels  in  thy  mocytes,  little  electrophy  siological  data  exist 
supporting  their  role  in  the  proliferative  response  of  T- 
cells.  In  contrast,  substantial  evidence  supports  a  role 
for  voltage-dependent  K  channels.  Three  types  of  evi¬ 
dence  indicate  that  voltage-gated  K  channels,  and  in  par¬ 
ticular  Kn  channels,  play  a  role  in  mitogenesis.  First,  a 
variety  of  mitogens  increase  the  Kn  current  density  (14, 
38,  10, 141,  163).  The  current  amplification  is  consistent 
with  reports  of  mitogcn-induced  increases  in  K  efflux 
and  membrane  hyperpolarization  (237,  270).  Moreover, 
the  time  courses  of  the  augmentation  of  K  fluxes  and  the 
Kn  conductance  are  similar.  Thus  in  human  cells,  both 
the  Kn  conductance  and  K  fluxes  were  increased  within 
minutes  of  adding  mitogen  (17,  36),  whereas  in  murine 
splenic  lymphocy  tes  augmentation  of  the  Kn  conduc¬ 
tance  and  K  fluxes  occurred  15  h  after  ConA  addition 
(38).  However,  the  lack  of  voltage-gated  K  channels  in 
the  T-cell  line  CTLL-2  that  responds  normally  to  mito¬ 
gens  (36)  suggests  that  these  channels  are  not  abso¬ 
lutely  required  for  proliferation.  That  is,  there  are  dif¬ 
ferent  pathways  of  activation  for  a  given  type  of  T-cell, 
as  w’el!  as  different  types  of  T-cells,  and  it  is  unlikely 
that  the  Kn  conductance  is  required  for  activation  in 
each  of  these  instances. 

Second,  pharmacological  evidence  using  a  diverse 
group  of  Kn  channel  antagonists  on  a  variety  of  T-cells 
shows  that  these  agents  inhibit  DNA  and  protein  syn¬ 
thesis  at  similar  (11,  19,  22,  39, 141,  209),  although  not 
always  identical,  concentrations  (225),  providing  indi¬ 
rect  evidence  that  Kn  channels  are  involv  ed  in  prolifera¬ 
tion.  [It  should  be  also  noted  that  If  K-channel  blockers 
block  in  a  state-dependent  manner  (34),  then  the  dose- 
response  relationship  of  K„  current  block  at  20  mV 
(where  most  of  the  dose-response  relationships  have 
been  determined)  and  the  dose-respon&e  relationship  of 
block  at  the  resting  may  differ.]  Despite  these  find¬ 
ings,  it  has  not  been  prov  en  that  the  functional  effects  of 


the  antagonists  are  actually  mediated  by  K-channel 
block.  For  example,  K-channel  blockers  have  been 
shown  to  directly  inhibit  Ins(l,4,5)P3  release  fiom  brain 
microsomes  (196).  Schell  et  al.  (229)  have  reported  that 
TEA  and  4-AP  (at  concentrations  that  inhibit  the  Kn 
conductance)  inhibit  [^HJthymidine  and  amino  acid  in¬ 
corporation  in  two  tumor  cell  lines  that  replicate  auton¬ 
omously,  suggesting  that  these  agents  act  on  the  uptake 
of  nutrients  rather  than  on  pathways  related  to  T-cell 
activation. 

Third,  support  for  the  involvement  of  Kn  channels 
in  proliferation  comes  from  the  observation  that  T-cells 
from  diseased  MRL-lpr/lpr  mice  that  fail  to  respond  to 
mitogc.ns  or  antig^ms  do  not  upregulate  the  number  of 
Kn  channels  on  their  surfaces.  Rather,  these  cells  consti- 
tutively  express  20-fold  more  Kj  channels  on  their  sur¬ 
faces  than  T-cells  from  MRL-lpr/lpr  mice  before  the  on¬ 
set  of  the  disease  (18). 

The  mechanism  by  which  K  channels  are  involved 
in  T-cell  activation  is  unknown.  Phytohemagglutinin  in¬ 
creases  K  current  in  immature  thymocytes,  which  do 
not  proliferate  (231),  indicating  that  although  augmen¬ 
tation  of  the  Kn  conductance  may  be  necessary,  it  is  not 
sufficient  to  induce  proliferation.  Before  voltage-inde¬ 
pendent  Ca  channels  were  described  in  T-cells,  Cahalan 
and  co-workers  (17,  22)  proposed  that  Ca  influx  might 
occur  through  voltage-gated  K  channels.  Although  it  re¬ 
cently  has  been  demonstrated  that  Ca  ions  can  enter 
open  K  channels  and  cross  the  membrane  to  the  inside 
when  the  channel  closes  (94),  it  is  unlikely  that  this 
mechanism  provides  a  significant  route  for  (3a  entry, 
since  K  channels  fail  to  conduct  in  isotonic  Ba  (232)  and 
stepped  depolarization  of  Jurkat  T-cells  to  0  mV  (which 
activates  K  channels)  does  not  detectably  alter  [CaJj 
(150).  Furthermore,  indirect  evidence  that  Kn  chatinels 
are  not  permeable  to  Ca  is  provided  by  the  following 
observations.  1)  depolarization  of  h  iman  T  lymphocytes 
(thus  activating  Kn  channels)  faiis  to  increase  [Ca],  (77), 
and  2)  K  channel  antagonists  only  partially  inhibit  mi¬ 
togen-induced  [Ca],  increases  (18,  22,  77).  Alternatively, 
voltage-gated  K  channels  may  indirectly  affect  mito¬ 
genesis  by  changing  intracellular  K  levels,  since  [K],  has 
been  linked  with  protein  synthesis  (135),  or  they  might 
set  the  resting  1^,  which  may  affect  the  mitogen-in¬ 
duced  rise  in  [Ca],  (76, 188),  thereby  modulating  the  pro¬ 
liferative  response.  Unfortunately,  the  relationship  of 
Vjn  to  T-cell  activation  is  unclear:  Gelfand  et  al.  (76) 
reported  that  depolarization  with  high-K  medium  inhib¬ 
ited  PHA-induced  Ca  uptake  after  short-term  exposure 
to  mitogen.  However,  for  lymphocytes  cultured  in  high- 
K  medium  and  continuously  exposed  to  PHA,  prolifera¬ 
tion  was  almost  normal  (43). 

B)  Calcium  channels.  It  is  well  established  that  mi¬ 
togens  produce  a  rapid  increase  in  [Ca],  that  is  partly 
due  to  an  influx  of  extracellular  Ca  (87).  The  extensive 
evidence  supporting  the  view  that  Ca  influx  and  the 
subsequent  rise  in  [Ca],  provide  an  important  signal  for 
proliferation  has  been  the  subject  of  other  reviews  (72, 
87,  153)  and  therefore  is  not  covered  in  depth  here.  Al¬ 
though  It  was  originally  hypothesized  that  voltage- 
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gated  Ca  channelb  were  re^punsible  fur  the  extracellular 
Ca'dependent  initugen^induced  [Ca],  rise,  it  is  nuw  be¬ 
lieved  that  the>  du  nut  pla>  a  rule  in  the  mitugen-depen- 
dent  Ca  influx,  because  1)  the>  are  nut  detectable  in 
most  T-cells  (17,  72,  1C3),  J)  cuncentratiuns  uf  Ca  chan¬ 
nel  blockers  known  tu  inhibit  \ultage-dependent  Ca 
channels  du  nut  consistently  block  mitugen-induced  Ca 
increases  (72),  and  3)  depolarization  by  high-K  medium 
(which  would  be  expected  to  increase  the  influx  of  Ca 
through  voltagC'gated  channels)  has  no  effect  on  [Ca], 
(72, 76, 188).  This  view  has  been  confirmed  by  tw^o  recent 
viescriptions  of  voltage-insensitive  Ca  currents  in  T  lym¬ 
phocytes  (72,  151),  supporting  the  hypothesis  that  a 
non-voltage-gated  Ca  transport  process  is  responsible 
for  the  mitogen-induced  Ca  influx. 

Kuno  and  Gardner  (71,  130)  suggested  that  T-cell 
activation  by  mitogens  results  in  an  Ins(l,4,5)P3  in¬ 
crease  that  releases  Ca  from  intracellular  stores  and 
activates  a  transmembrane  Ca  channel  (see  sect.  iv.4^). 
Previous  observations  that  mitogens  increase  the  phos¬ 
phorylation  of  phosphoinositides  and  the  generation  of 
inositol  phosphates  activation  fit  with  this  hypothesis 
(113,  270).  However,  it  is  not  clear  which  of  the  two  Ca 
currents,  the  Cains  current  described  by  Gardner  et  al. 
(72)  or  the  Ca^  current  described  by  Lewis  and  Cahalan 
(151),  is  responsible  for  mitogen-induced  increase  in 
[Ca]j  or,  alternatively,  whether  the  two  currents  are  re¬ 
lated  (see  sect.  IVA3).  By  simultaneously  measuring 
[Ca]i  and  membrane  currents,  Lewis  and  Cahalan  (151) 
demonstrated  a  temporal  relationship  between  the 
PHA-induced  Ca  currents  and  the  oscillations  in  [CaJj, 
thus  providing  strong  evidence  that  these  currents  un¬ 
derlie  the  mitogen-induced  Ca  oscillations.  Agonist-in¬ 
duced  or  Ins(l,4,5)P3-induced  Ca  currents  similar  to 
those  described  by  Lewis  and  Cahalan  (]51)  were  de¬ 
scribed  in  whole  cell  recordings  of  rat  peritoneal  mast 
cells  (164).  It  should  be  noted  that  non-voltage-gated  Ca 
permeable  channels  have  been  described  only  in  T-cell 
lines.  Therefore  the  functional  relevance  of  these  chan¬ 
nels  in  normal  T-cells  must  be  regarded  as  speculative. 

It  has  been  suggested  that  the  step  that  requires  Ca 
in  mitogenesis  is  the  production  of  IL-2,  because  IL-2 
production  requires  both  extracellular  Ca  and  an  in¬ 
crease  in  [CaJi,  whereas  the  expression  of  IL-2  receptors 
is  independent  of  the  rise  in  [CaJj  (176).  Further  support 
for  this  suggestion  comes  from  the  observation  that  ex¬ 
ogenous  IL-2  can  trigger  proliferation  in  IL-2  receptor¬ 
bearing  cells  in  the  absence  uf  an  increase  in  [Ca];  (183). 
Nevertheless,  the  role  of  Ca  in  signal  transduction  is 
more  complex,  since  the  requirement  for  extracellular 
Ca  and  a  rise  in  [Cajj  can  be  eliminated  by  treating  cells 
with  phorbol  ester  plus  mitogens  (79).  Also,  anti-Thy-1 
antibody  stimulation  of  IL-2  secretion  in  a  murine  T-cell 
variant  missing  the  T-cell  antigen  receptor  occurs  in  the 
absence  of  any  increase  in  [Ca],  or  phosphatidylinositol 
hydrolysis  (265).  Therefore  althou  ’  Ca  channels/trans¬ 
porters  appear  to  play  an  importaUv  lole  in  mitogen-in¬ 
duced  IL-2  production,  Ca-independent  modes  of  signal 
transduction  also  are  present  in  the  T-celk 

C)  Cututoxicity,  Cy  totoxicity  mediated  by  either  cy¬ 


tolytic  T  lymphocytes  (CTL)  or  NK  cells  share  several 
identifiable  stages,  including  a  Ca-dependent  program¬ 
ming  for  a  lysis  stage  that  has  an  optimal  temperature 
of  37'^C  (6,  109,  211).  This  dependence  on  extracellular 
Ca,  together  w  ith  the  rise  in  [CaJ^  after  target  cell  bind¬ 
ing  to  CTL  and  the  immediate  decline  in  [Cajj  after  re¬ 
moval  of  extracellular  Ca,  led  to  the  hypothesis  that  Ca 
channels  play  a  pivotal  role  in  cell-mediated  cytotoxic¬ 
ity  (82,  206).  Furthermore,  the  rise  in  [CaJj  correlates 
with  a  shape  change  in  the  CTL  cells  and  a  reorientation 
of  cytoplasmic  granules  (83).  Poenie  et  al.  (206)  postu¬ 
lated  that  binding  the  target  cell  to  the  T-cell  receptor 
opens  Ca  channels  activated  by  secondary  events  that 
occur  between  receptor  binding  and  channel  opening. 
Voltage-dependent  Ca  channels  have  not  been  described 
in  CTL  or  NK  cells  (58,  232),  and  depolarizing  CTL  with 
high  K  failed  to  induce  a  rise  in  [Ca]i  (82).  Thus  it  is 
likely  that  voltage-independent  Ca  channels/transport- 
ers  similar  to  those  described  by  Lewis  and  Cahalan, 
(151)  or  Gardner  (72,  74)  mediate  the  rise  in  Ca  in  the 
eftector  cell. 

The  evidence  implicating  voltage-gated  K  channels 
present  in  both  mouse  CTL  (58)  and  NK  cells  (250)  in 
cell-mediated  cytolysis  is  threefold.  First,  the  amplitude 
of  the  CTL  K  currents  in  cytotoxic  T-cell-target  cell  con¬ 
jugates  w^as  enhanced  by  replacing  external  Mg  with  Ca 
(conditions  required  for  the  lethal  hit  to  take  place)  (58). 
Second,  Rb  efflux  was  stimulated  when  cloned  CTL 
loaded  with  ®^Rb  were  mixed  with  appropriate  target 
cells  (224).  Third,  pretreatment  of  NK  cells  with  vera¬ 
pamil,  4-AP,  Cd,  and  quinidine  inhibited  killing  at  doses 
comparable  to  those  that  blocked  voltage-gated  K  chan¬ 
nels  (232).  Furthermore,  by  adding  EDTA  and  channel 
blockers  at  various  times  during  cell  killing,  Sided  et  al. 
(250)  demonstrated  that  K  channels  play  a  role  in  the 
Ca-dependent  killing  phase  and  particularly  in  the  re¬ 
lease  of  NK  cytolytic  fa. ’.or.  The  K-channel  blockers  4- 
AP  and  quinidine  similarly  inhibit  cytolysis  by  lympho- 
kine-activated  killer  cells  (143). 

The  role  of  K  channels  in  this  phase  of  cytolysis  is 
unclear.  The  findings  that  depolarizing  NK  cells  with 
high  r  '"as  no  effect  on  NK-mediated  cytolysis  and  that 
valinomycin,  which  should  prevent  the  depolarization 
produced  by  K-channcl  blockers,  did  not  reverse  the 
block  of  cytolysis  by  quinidine,  verapamil,  or  4-AP  (233) 
argue  against  the  possibility  that  K  channels  may  func¬ 
tion  indirectly  through  effects  on  It  should  be  noted 
that  cytolytic  activity  mediated  by  CTL  cells  is  not  inhib¬ 
ited  by  verapamil  (82),  demonstrating  that  there  are 
distinct  differences  in  the  mechanisms  of  cytolysis  me¬ 
diated  b^  these  two  cell  types.  In  CTL  cells,  inhibition  by 
4-AP  and  TEA  of  cytotoxicity  can  be  overcome  by  add¬ 
ing  IL-2,  suggesting  that  the  importance  of  K  channels 
in  cytotoxicity  may  be  related  to  their  action  on  IL-2 
production  (244). 

One  report  implicated  Cl  fluxes  in  celLmcdiated  cy¬ 
totoxicity  (84).  In  that  study,  CTL-mediated  cytotoxicity 
was  inhibited  by  isosmotic  replacement  of  Cl  with  im- 
permeant  anions,  and  siilbene  disulfonates  blocked  cy- 
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tolysis,  providing  indirect  evidence  that  anion  transport 
may  be  involved  in  delivery  of  the  lethal  hit  (84). 

D)  Volumt  regulation.  Exposing  lymphocytes  to  an- 
isotonic  medium  results  in  shrinkage  or  swelling,  fol¬ 
lowed  by  a  regulation  back  to  near  normal  size  e\en 
though  the  cells  remain  in  anisotonic  medium  (11,  90). 
In  T-cells,  the  RVD  that  occurs  within  5  min  of  hypo¬ 
tonic  sw  elling  is  associated  w  ith  a  loss  of  both  Cl  and  K 
and  is  dependent  on  an  outwardly  diiected  K  electro¬ 
chemical  gradient  (90).  The  increase  in  Cl  permeability 
is  at  least  partly  conducti\  e  because  it  is  associated  w  ith 
a  depolarization,  so  that  I  approaches  Ea  and  Cl  flux 
is  independent  of  the  concentrations  of  external  anions 
or  internal  cations  (86).  The  ATP-dependent  Clg  chan¬ 
nels  described  by  Lewis  and  Cahalan  (147)  may  account 
for  the  increase  in  Cl  permeability  during  RVD  because 
they  are  osmotically  activated  (lOj.  On  the  other  hand, 
the  anion  permeability  sequence  of  the  Cli^  channel  in 
T-cells  (230)  is  identical  to  the  sequence  for  supporting 
volume  changes  in  swollen  lymphocy  tes  (ST)  aiid  dilTers 
slightly  from  the  permeability  sequence  for  the  ATP- 
dependent  Clg  channel  (147).  Therefoie  further  studies 
are  required  to  determine  which  Cl  channel(s)  is  in¬ 
volved  in  volume  regulation  and  how  changes  in  cell  vol¬ 
ume  regulate  this  Cl  conductance. 

Despite  proposals  to  the  contrary  (88, 90),  neither  a 
Ca  conductance  nor  a  Ca-aciivated  K  conductance  ap¬ 
pear  to  be  involved  in  the  RVD  response,  because  RVD 
does  not  require  extracellular  Ca  and  be«-ause  [Ca],  does 
not  increase  during  RVD  (92).  Alternatively,  it  is  likely 
that  the  voltage-gated  Kn  channels  provide  the  route  for 
the  RVD-associated  K  efflux,  since  in  the  murine  T  lym- 
phocy  te  clone  L2  the  RVD  response  is  correlated  with 
the  expression  of  voltage-gated  K  channels.  Quiescent 
L2  cells  have  low  levels  of  Kn  channels  and  show  no 
RVD,  whereas  L2  cells  stimulated  w ith  IL-2  to  prolifer¬ 
ate  exhibit  an  increase  in  Kn  channels  and  a  RVD  re¬ 
sponse  (110).  Furthermore,  RVD  is  blocked  by  quinine, 
TEA,  verapamil,  and  CTX  (41,  88,  92, 140)  at  concentra¬ 
tions  that  block  Kn  conductance.  It  has  been  suggested 
that  during  RVD  Kn  channels  are  activated  by  depolar¬ 
ization  induced  by  either  the  inciease  in  Cl  permeability 
that  occurs  during  RVD  (19)  or  the  activation  of  stretch- 
activated  nonspecific  cation  channels  (which  have  been 
described  in  other  cell  types  but  not  in  lymphocytes) 
(41).  Interestingly ,  gadolinium,  w  hich  blocks  stretch-ac¬ 
tivated  channels,  also  blocks  RVD  (11).  The  increase  in 
K  permeability  during  RVD  is  present  in  cells  depolar¬ 
ized  by  high  K,  indicating  that  the  RVD-activated  K 
conductance  can  be  triggered  in  a  voltage-independent 
manner  (92). 

Because  cells  (with  the  exception  of  kidney  medul¬ 
lary  cells)  are  exposed  to  a  narrow  lange  of  tonicity,  the 
physiological  significance  of  RVD  is  unclear.  Deutsch 
and  Lee  (41)  postulated  that  volume  regulation  supports 
cell  cycle  progression  and  that  cells  may  encounter  and/ 
or  generate  local  anisotonic  conditions.  Conversely, 
Grinstein  and  Dixon  (87)  speculated  that  the  oystem  for 
volume  regulation  is  a  vestige  from  a  time  when  osmo¬ 
regulation  was  important. 


B.  B  Lymphocytes 

As  the  effector  cells  of  the  humoral  limb  of  immu¬ 
nity,  B  ly  mphocy  tes  (which  in  mammals  develop  in  the 
adult  bone  marrow  or  the  fetal  liver)  synthesize  and 
secrete  antibody  (2G2a).  Surface  immunoglobulin  serves 
as  the  antigen  receptor  on  the  B-cell.  The  binding  of 
antigen  to  its  receptor  initiates  a  complex  series  of 
events  leading  to  cell  proliferation  and  the  production  of 
antibody -secreting  cells.  The  end  stage  of  this  matura¬ 
tion  process  is  the  large  plasma  cell  that  can  secrete 
antibody  at  a  rate  of  -^2,000  molecules/s. 

L  Potassium  conductances 

I)  OUTWARD  VOLTAGE-GATED  POTASSIUM  CONDUC¬ 
TANCE.  The  major  ionic  conductance  in  both  murine  B- 
cells  immortalized  at  various  stages  of  differentiation 
with  Abelson  murine  leukemia  virus  and  in  murine  and 
human  resting  and  LPS-stimulated  B-cells  is  an  inacti¬ 
vating  outward  K  current  similar  in  its  threshold  of  ac¬ 
tivation  (  40  mV)  and  block  by  TEA  to  the  K^  channel 
described  in  T  ly  mphocy  tes  (29, 266, 267 ).  [A  preliminary 
study  has  reported  Ki  channels  in  a  human  B-cell-de- 
rived  lymphoma  cell  line,  Louckes  (242).]  Sutro  et  al. 
(267)  reported  that  human  tonsillar  B-cells  and  murine 
B-cells  have  60  and  23  Kn  channels/cell,  respectively. 
Their  voltage  for  half  activation  ranged  from  -  20  to  -28 
mV,  and  its  time  constant  of  inactivation  was  140  ms 
(shorter  than  that  of  human  T-cells)  (29,  267).  As  re¬ 
ported  for  the  Kn  channel  in  human  T  lymphocytes,  in¬ 
creasing  [Ca],  from  10  ^  to  10  ^  M  decreased  the  K- 
cuirent  amplitude  and  increased  the  rate  of  current  in¬ 
activation  in  murine  B-cells  (29).  In  addition,  in  murine 
B-cells,  like  T-cells,  the  outward  K  current  is  blocked  by 
a  variety  of  pharmacological  agents,  including  extracel¬ 
lular  verapamil  (/v,  -  lOgM),  cetiedil  (A’',  -  20 /xM),  qui¬ 
nine  (A,  -  22  /iM),  4-AP  (A,  -  300  gM),  TEA  (A,  =  10 
mM),  and  Co  or  Cd  (A",  10  mM)  (29,  267).  The  mecha¬ 

nism  of  Kn  channel  block  in  B-cells  was  described  in  only 
one  preliminary  study,  which  demonstrated  that  4-AP 
blocks  open  channels  and  that  the  A”,  of  channel  block  by 
4-AP  depends  on  both  internal  and  external  pH  (28). 
Thus  the  ionized  form  of  4-AP  may  block  from  inside  the 
cell.  Furthermore,  data  on  rate  of  4-AP  block  and  wash¬ 
out  of  block  suggest  that  two  blocked  states  may  ex¬ 
ist  (25). 

A)  Modulation  of  conductance.  After  treatment  with 
LPS,  B-cells  increase  in  size,  proliferate,  and  secrete  an¬ 
tibodies.  Sutro  et  al.  (267)  reported  that  LPS  treatment 
also  doubled  the  density  of  K  channels  in  murine  B-cells 
and  that  the  increase  in  channel  density  was  closely  as¬ 
sociated  with  the  increase  in  cell  size,  that  is,  cells  that 
failed  to  increase  their  cell  size  did  not  increase  their  Kn 
channel  density.  However, ^different  results  were  ob¬ 
tained  by  Choquet  et  al.  (29),  who  reported  that  the  Kn 
conductance  (unfortunately  channel  density  was  not 
measured)  in  murine  LPS-treated  B-cell  blasts  did  not 
differ  from  the  conductance  in  B-cell  lines  that  were 
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immortalized  at  earlier  stages  of  differentiation.  Thus  it 
is  unclear  whether  the  state  of  immunocompetency  of 
the  B-cell  influences  the  presence  of  the  Kn  conductance. 

Choquet  et  al.  (29)  reported  that  GTP  caused  a 
small  initial  increase  in  the  current,  which  may  re¬ 
flect  the  regulation  of  this  conductance  a  GTP-bind- 
ing  protein.  When  the  patch  pipette  contained  cAMP  (1 
mM),  theophylline  (1  mM,  a  phosphodiesterase  inhibi¬ 
tor),  and  ATP  (5  mM )  the  outw  ard  current  w  as  signif¬ 
icantly  diminished  during  the  first  5  min  of  recording 
from  murine  B-cells  (29).  Furthermore,  adding  the  ade¬ 
nylate  cyclase  activator  forskolin  plus  theophylline  to 
the  bath  also  decreased  the  current  and  increased  the 
rate  of  inactivation.  These  effects  were  not  due  to  a  shift 
in  the  G-T  relationship  for  the  Kn  current  or  to  the  in¬ 
duction  of  an  inw  ard  current.  Also,  adding  the  adeny  late 
cyclase  antagonist  adenosine  (2  mM)  suppressed  the  ef¬ 
fect  of  forskolin.  Taken  together,  these  observations 
suggest  that  forskolin  acts  specifically  through  its  ac¬ 
tion  on  adenylate  cyclase  to  increase  cAMP  and  that 
cAMP  modulates  the  Kn  conductance  in  B-cells.  As  de¬ 
scribed  in  section  I\  AiLlJ,  forskolin  also  reduced  the  Kn 
conductance  in  human  T-cells,  but  in  these  cells  cAMP 
did  not  appear  to  modulate  the  Kn  conductance  and  the 
effects  of  forskolin  were  not  mediated  by  its  efffect  on 
adenylate  cyclase  (127). 

In  addition  to  modulation  by  cAMP,  the  Kn  conduc¬ 
tance  In  murine  B-cells  can  be  modulated  by  serotonin 
[5-hy  droxy  try  ptamine  (5-HT)j  (27).  That  is,  exposure  to 
5-nT  (10  /uM)  induced  a  transient  increase  in  the  peak 
current,  as  well  as  a  more  maintained  increase  in  the 
rate  of  current  inactiv  ation.  After  treatment  w  ith  5-HT, 
the  cells  became  refractory  to  repeated  stimulation, 
even  after  prolonged  washing.  The  increase  in  the  peak 
current  was  transduced  by  a  5IIT,  leceptor,  while  the 
acceleration  of  inactivation  involved  S-HTg  recep¬ 
tors  (27). 

B)  Sin^U  Uuutnti  currtuii>.  Single-channel  K 
currents  with  the  same  conductance  (17  pS)  as  the  K^ 
currents  in  T-cells  were  reported  in  both  human  tonsil¬ 
lar  B-cells  and  mouse  splenic  B-cells  (266,  267).  How¬ 
ever,  they  have  not  been  well  characterized.  McCann  et 
al.  (168),  studying  cell-attached  and  excised  inside-out 
patches  in  murine  spleenic  B-celLs,  reported  two  differ¬ 
ent  outward  single-channel  K  currents  with  conduc¬ 
tances  of  18  and  30  pS.  The  18-pS  channel  (present  in  9% 
of  the  patches  examined)  and  the  30-pS  channel  (pres¬ 
ent  in  37o  of  the  patches)  exhibited  different  voltage 
bensitiv  ities,  the  18-pS  channel  opened  at  voltages  more 
depolarized  than  20  mV,  and  the  30-pS  channel  opened 
at  voItag»^s  more  depolarized  than  -60  mV.  McCann  et 
al.  (168)  also  reported  that  both  channels  were  blocked 
by  TEA  and  Ba,  but  the  blocking  concentrations  or  the 
conditions  of  block  were  not  specified.  They  suggested 
that  the  18-  and  30-pS  channels  correspond  to  the  T-cell 
Kn  or  Kn*  channel  and  K|  channel,  respectively.  However, 
this  suggestion  is  equivocal  because  the  voltage  depen¬ 
dence  reported  by  McCann  et  al.  (168)  for  the  30-pS 
channel  is  very  different  from  that  of  the  T-cell  K|  chan¬ 
nel.  Further  characterization  of  the  K  channels  present 


in  B-cells  is  required  to  determine  their  relationship  to 
the  K  channels  described  in  T-cells. 

II)  CALCIUM- ACTIVATED  POTASSIUM  CONDUCTANCE. 
Simultaneous  measurements  of  both  [Ca],  and  with 
fluorescent  dyes  have  demonstrated  that  either  antibod¬ 
ies  against  surface  immunoglobulins  (anti-Ig)  or  iono- 
mycin  induce  membrane  hyperpolarizations  in  human 
tonsillar  B-cells  (157).  The  anti-Ig-induced  membrane 
hyperpolarization  was  associated  with  an  increase  in 
[(ial  and  was  abolished  by  placing  cells  in  high-K  me¬ 
dium,  strongly  suggesting  that  a  Ca-activated  K  con¬ 
ductance  w  as  responsible  for  the  membrane  hy  perpolar- 
ization.  Although  w  hole  cell  patch-clamp  recording  tech¬ 
niques  have  not  demonstrated  a  Ca-activated  K  current 
in  B-cells,  two  recent  studies  demonstrated  Ca-acti¬ 
vated  K  single-channel  currents  that  may  be  responsi¬ 
ble  for  the  stimulus-induced  hyperpolarization  in  B- 
cells  (160, 168).  As  discussed  in  section  IvAill,  Mahaut- 
Smith  and  Schlicter  (160)  demonstrated  that  exposure 
of  both  human  tonsillar  B-cells  and  rat  thymocy  tes  to 
ionomycin  (in  cell-attached  patch  experiments)  induced 
two  single-channel  current  amplitude  fluctuations  (7 
and  25  pS  with  140  mM  K  in  the  pipette).  The  larger 
channel  was  inwardly  rectifying  and  had  an  open-chan¬ 
nel  probability  that  was  only  weakly  voltage  dependent. 
The  K  channel  activity  that  was  sensitive  to  [CaJj  was 
also  reported  in  excised  patches  from  these  cells  (160). 

A  different  Ca-activated  K  channel  was  reported 
recently  in  3%  of  the  patches  from  resting  murine  B- 
cells  (168).  These  channels  had  a  conductance  of  93  pS 
and,  in  cell-attached  patches,  were  observed  only  after 
apply  ing  large  depolarizing  potentials.  Similar  channels 
were  also  noted  in  inside-out  patches,  where  they 
opened  at  both  positive  and  negative  potentials  under 
conditions  of  normal  phy  siological  gradient  w  ith  10  ®  M 
[Ca],.  Channel  activity  increased  when  [Ca]j  was  in¬ 
creased,  and  adding  EGTA  inactivated  the  channel,  dem¬ 
onstrating  that  the  channel  was  sensitive  to  [Ca],  (168).'* 

2.  Calcium  conductance 

No  ligand-dependent  voltage-independent  Ca  chan¬ 
nels  similar  to  those  described  in  T-cells  (72,  73)  have 
been  reported  in  B-cells.  Nor  have  any  voltage-depen¬ 
dent  Ca  channels  been  found  in  murine  resting  or  LPS- 
activated  B-cclls  (29,  266).  Voltage-dependent  Ca  chan¬ 
nels  were  reported  in  the  murine  myeloma  cell  line  S194 
(which  produces  but  does  not  secrete  immunoglobulin) 
and  hy  bridoma  cell  lines  constructed  from  the  fusion  of 
S194  cell  and  splenic  B  lymphocytes  (13, 56, 59).  In  these 
cells,  inward  Ca  currents  were  activated  at  potentials 
greater  than  50  mV  and  peaked  at  20  mV.  During 
long  (^50  ms)  voltage  steps,  current  inactivated  wdth  a 
single  exponential  time  course,  the  time  constant  of 
which  decreased  as  the  became  more  positive,  even 


*  A  recent  study  by  Brent  et  (Ma)  indicates  that  B-cclIs  have 
yet  another  type  of  Ca-sensitive  channel,  a  nonsclcctivc  cation  chan¬ 
nel  that  is  inhibited  by  [Ca],. 
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beyond  the  peak  for  the  inward  current.  Substituting  Na 
for  TEA  had  no  effect  on  the  decay  of  the  inward  Ga 
current.  Thus  the  current  deca>  is  not  due  to  the  develop¬ 
ment  of  an  outward  current  or  to  a  Ca-induced  inactiva¬ 
tion  of  the  current  but  probably  reflects  voltage-depen- 
dent  inactivation  (56,  57).  The  channel  also  was  perme¬ 
able  to  Sr  and  Ba  (permeability  sequence  -  Sr  >  Ca  = 
Ba)  (56)  and  surprisingly  was  rather  insensitive  to  block 
by  D  600  and  nifedipine  (59).  The  Ca  channels  in  hybrid- 
oma  cells  are  similar  to  the  T-type  or  low-threshold  Ga 
channels  in  other  cells  that  are  less  sensitive  to  organic 
Ca  channel  blockers  than  other  Ca  channels  (180).  More 
recently,  Bosma  and  Sided  (13)  demonstrated  that  both 
retinoic  acid  (Kyz  =  5  X  10'^  M)  and  octanol  (53  fiM 
produced  a  40%  decrease)  blocked  the  peak  voltage¬ 
gated  Ca  currents  in  a  similar  (MHY206)  hybridoma  cell 
line.  In  that  study,  octanal  also  increased  the  rate  of 
current  inactivation. 

Because  no  other  voltage-dependent  conductances 
were  present,  murine  hybridoma  cells  provided  Fuku- 
shima  and  Hagiwara  (57)  with  a  model  for  examining 
the  permeability  of  monovalent  cations  through  the  hy¬ 
bridoma  Ca  channel.  They  demonstrated  that  internal 
monvalent  cations  can  carry  outward  currents  through 
Ca  channels  and  that  external  monovalent  cations  carry 
inward  currents  through  the  channel  when  external  di¬ 
valent  cations  are  reduced  to  the  micromolar  range.  The 
selectivity  of  monovalent  cations  through  Ca  channels 
(in  the  absence  of  Ca)  was  Na  >  K  >  Rb  >  Cs.  In  the 
presence  of  Ca  or  other  divalent  cations,  monovalent 
cation  currents  were  blocked  in  a  voltage-dependent 
manner.  The  data  indicated  that  under  normal  condi¬ 
tions  Ca  channels  arc  occupied  by  divalent  cations  and 
arc  impermeable  to  monovalent  cations.  However,  when 
divalent  cations  are  extruded  from  the  channel,  the  Ca 
channel  becomes  permeable  to  monovalent  cations  (57 
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Flo  G  Cell  «itt«iched  patch-clamp  recording  of  subconductancc 
levels  of  large-conductance  anion  channel  In  hybridoma  cell  line  con¬ 
structed  from  fusion  of  S194  mouse  myeloma  cells  and  mouse  splenic 
B  lymphocytes.  A:  records  showing  various  subconductance  levels  in¬ 
dicated  b>  dotted  lines.  SC,  supraconductance  level,  C  and  continuous 
line,  closed  level,  0,  open  level.  C«ilibration  of  1.25  pA  is  for  currents 
recorded  at  rest  voltage  onb,  all  other  refer  to  2.5-pA  calibration.  All 
voltages  are  relative  to  resting  potential  of  cell.  B:  cur  rent- voltage 
relation  for  currents  recorded  from  different  on-cell  patch  for  main 
open  level  (195  pS)  and  30%  subconduclance  level  (64  pS).  Reversal  is 
shown  at  arrow  at  +25  mV  above  rest.  (From  Bosma  (12).] 


Inward  whole  cell  currents  that  had  a  time  course 
of  activation  and  decay  similar  to  Na  currents  were  re¬ 
ported  in  a  single  recording  from  a  human  tonsillar  B- 
cell  (267).  Inward  single-channel  currents  having  a  17- 
pS  conductance  were  aUo  observed.  Unfortunately, 
these  events  were  not  characterized,  so  it  was  not  possi¬ 
ble  to  conclude  that  they  represented  the  activation  of 
Na  channels. 


4.  Chloride  condticiance 

I)  LARGE-CONDUCTANCE  CHLORIDE  CHANNEL.  A 
large-conductance  anion-permeable  channel  with  multi¬ 
ple  conductance  levels  has  been  reported  in  murine 
splenic  B  lymphoc>tes  (167)  and  in  an  antibod> -secret¬ 
ing  transformed  hybridoma  cell  line  made  by  fusing  a 
rat  myeloma  with  splenic  B  lymphocytes  (12).  The  act' 
ity  of  this  channel,  shown  in  Figure  5,  is  similar  to  Jie 
fli  channel  activity  described  in  macrophages,  T  lym¬ 


phocytes,  and  other  cells  (9).  It  was  frequently  seen  in 
excised  inside-out  patches,  where  its  conductance  in 
sy  mmetrical  NaCl  or  in  physiological  solutions  was  350- 
400  pS  (12,  167).  It  was  estimated  that  there  were  400- 
500  channels/hy  bridoma  cell  (12).  The  anion-to-cation 
permeability  ratio  was  10.1  in  hybridoma  cells  (12)  and 
33.1  in  murine  B-cells  (167),  thus  in  B-cells,  like  T-cells, 
the  CIl  channel  was  more  selective  for  anions  than  the 
Cli^  channel  in  macrophages  (236).  In  hybridoma  cells, 
the  CIl  channel  permeability  sequence  for  anions  was 
F  >  I  >  SCN  >  Br  >  Cl  >  glucuronate  >  NO3  >  aspartate, 
which  differs  from  the  permeability  sequence  reported 
in  T-cells  (12).  Moreover,  the  conductance  sequence  in 
hybridoma  cells,  which  was  Cl  >  SCN  ^  F  >  Br  NO3  > 
I,  glucuronate  ^  aspartate,  was  not  the  same  as  its  per¬ 
meability  sequence,  suggesting  that  the  permeating 
ions  were  interacting  within  the  channel  (12).  Interac¬ 
tion  of  permeant  anions  with  the  channel  also  was  sup¬ 
ported  by  the  finding  that  in  mixtures  of  anions  there 
was  an  anomalous  mole  fraction  dependence  of  channel 
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cunikictancus,  that  is,  a  niixturu  uf  SCN  and  Cl 
purmeablu  anions  when  prusenL  individually)  reduced 
the  channel  conductance.  Mixtures  of  K  and  T1  produce  a 
similar  effect  on  the  inwardly  rectifying  K  channel  in 
oocytes  and  other  cells  (99,  223). 

As  noted  in  macrophages  and  other  cells,  B-cell  Cli, 
channel  activity  is  characterized  by  subconductance  lev¬ 
els.  These  included  states  that  were  10,  30,  55,  and  75'rc 
of  the  full  conductance  level  (12).  In  addition,  a  supra- 
conductance  level  of  510  pS  was  noted,  which  has  not 
been  described  in  either  macrophages  or  T-cells.  The 
bupraconductance  level  tended  to  close  more  frequently 
than  the  other  levels,  suggesting  that  entry  to  the  closed 
state  was  easier  from  this  level  (12). 

Spontaneous  Cli^ channel  activity  was  only  noted  in 
107c  of  the  cell-attached  patches  from  h^bridoma  cells, 
but  it  could  occasionally  be  activated  by  depolarizing 
steps  (12).  In  these  cases,  the  conductance  levels  of  the 
fully  opened  state  and  the  substates  were  lower  that 
those  in  excised  patches,  probably  because  intracellular 
Cl  was  reduced.  In  the  cell-attached  patch,  channel  open 
probability  increased  up  to  10  mV  (relative  to  rest)  and 
decreased  for  depolarizations  beyond  10  mV  (relative  to 
rest).  The  behavior  of  the  Cli,  channel  changed  in  three 
ways  after  excision.  1}  open  probability  did  not  decrease 
for  potentials  positive  to  10  mV,  J)  the  voltage  depen¬ 
dence  of  opening  became  less  steep  at  negative  poten¬ 
tials,  and  J)  there  was  no  maintained  residence  of  the 
channel  in  the  30''t  subconductance  state.  Bosnia  (12) 
postulated  that  these  changes  may  be  due  to  modulation 
of  the  channel  by  cytoplasmic  constituents,  fitting  with 
the  observation  in  T  cells  that  the  Cl^  channel  can  be 
activated  by  the  catalytic  subunit  of  protein  kinase  A 
plus  ATP  (195). 

Similar  to  the  Ch,  data  in  macrophages  and  T-cells, 
the  gating  characteristics  of  the  channel  could  be  mod¬ 
eled  by  two  Independent  voltage-dependent  gates  (12). 
The  Cli^  channel  was  reversibly  blocked  by  cytoplasmic 
SITS  with  a  A'  of  5.08  mM  at  0  mV.  The  distance  of  the 
blocking  site  in  the  membrane  v\as  estimated  (from  the 
voltage  dependence  of  the  SITS  block)  to  be  0.37  from 
the  cytoplasmic  side.  Here  DIDS  was  five  times  less  ef¬ 
fective  than  SITS  and  anthracene-9-carboxy  lie  acid  (1 
mM)  had  no  effect  on  the  channel  (12). 

II)  ADENOSINE  3',5'-CYCUC  aMONUPIIOSPHATE-REGU- 
LATED  CHLORIDE  CHANNEL.  Chen  et  al.  (25)  demon¬ 
strated  that  normal  human  Epstein  Barr  virus  (EBV)- 
transformed  (B-cell)  lymphoblasts  contained  a  cx\MP- 
dependent  Cl  (CIa)  channel  similar  to  that  present  in 
Jurkat  E6-1  cells  (see  sect.  IVA^HI).  This  channel  was 
also  present  in  excised  patches  from  mutant  human 
EBV-transformed  lymphoblasts  from  patients  with 
cystic  fibrosis.  However,  in  patches  from  those  cells,  reg¬ 
ulation  by  cAMP  was  defective.  A  10-pS  Cl  channel  has 
also  been  described  in  10 of  excised  patches  from  mu¬ 
rine  splenic  B-cells  (168).  Similar  to  the  Cx\MP-regu- 
latcd  channel,  this  Cl  channel  exhibited  outward  rectifi¬ 
cation  in  symmetrical  solution  but,  unlike  the  CxVMP-re- 
gulated  channel,  [Ca],  had  no  effect  on  channel  activity. 


Further  experiments  are  required  to  determine  if  these 
two  40-pS  Cl  channel  represent  different  Cl  channels. 

Ill)  OTHER  CHLOi:  DE  CHANNELS.  Tvvo  other  Cl  con¬ 
ductances  have  been  reported  in  patch-clamp  studies  of 
murine  splenic  B-cells,  but  neither  has  been  well  char¬ 
acterized.  The  first  was  described  in  section  ivA^n  and 
is  a  Clg  channel  present  in  both  T-cells  and  B-cells  that  is 
slowly  activated  in  vvholecell  recordings  when  thepalch 
electrode  contains  hypertonic  medium  plus  ATP  (19, 
147).  In  addition,  McCann  et  al.  (168)  descr’^^ed  a  128-pS 
Cl  channel  that  was  inactive  in  cell-atta^.ied  patches 
but  w  as  activ  ated  in  excised  inside-out  patches  from  mu¬ 
rine  splenic  B-cells.  The  channel  had  a  linear  /-V  rela¬ 
tionship  in  a  symmetrical  Cl  gradient  and  was  voltage- 
dependent  with  channel  openings  increasing  as  the 
patch  was  depolarized  beyond  50  mV.  It  was  selective 
for  Cl  over  cations  (Cl-to-Na  permeability  ratio  ^  11, 
Cl-to-K  permeability  ratio  8)  but  was  permeable  to 
aspartate  (Cl-to-aspartate  permeability  ratio  =  4). 


J.  Phiji>iului)ical  rvlcuancc  uf  ionic  cutiduciancus 

When  activated  by  a  combination  of  signals  that 
include  the  binding  of  antigen  and  signals  from  acces¬ 
sory  cells  and  T-cells,  the  B-cell  enlarges,  divides,  and 
differentiates  into  an  antibody -secreting  cell  (186).  This 
process  is  complex,  and  the  mechanisms  of  signal  trans¬ 
duction  that  occur  during  the  various  stages  of  activa¬ 
tion  are  not  well  understood.  Moreover,  when  compared 
w  ith  T-cells,  relativ  ely  few  electrophysiological  studies 
have  been  done  on  B-cells,  and  there  are  little  or  no  data 
elucidating  the  phy  siological  relevance  of  the  ionic  con¬ 
ductances  that  have  been  described.  On  the  other  hand, 
support  for  the  involvement  of  ionic  channels  comes 
from  numerous  studies  using  indirect  probes  of  and 
Ca  (8'i ).  A  few  of  these  studies  are  discussed  here  in 
terms  of  their  relationship  to  the  electrophysiological 
data  on  B-cells,  however,  the  reader  is  encouraged  to 
refer  to  other  reviews  for  a  more  comprehensive  discus¬ 
sion  (75,  87). 

I)  SETTING  RESTING  MEMBRANE  POTENTIAL.  The 
resting  of  mouse  spleen  B-cells  as  assessed  by  tvvo 
different  r,n-sensitive  fluorescent  dyes  is  approxi- 
niaiely  60  mV  and  is  relatively  dependent  on  K  (220). 
Although  it  is  clear  that  K  conductancc(s)  plays  an  im¬ 
portant  role  in  setting  the  resting  bo  data  exist  on 
the  relative  contribution  of  any  of  the  other  ionic  con¬ 
ductances  that  have  been  described  in  B-cells  to  the 
resting 

II)  B-CELL  ACTIVATION.  A)  chauuds.  Po¬ 

tassium  (*^*^Rb)  fluxes  occur  after  stimulation  of  B-cells 
with  anti-Ig  (105)  or  LPS  (191),  as  well  as  in  B-cells 
activated  in  the  presence  of  mitogen-stimulated  cells 
(192).  As  noted,  anti-Ig  also  produced  a  membrane  hy¬ 
perpolarization  in  B-cells,  supporting  the  view  that  K 
fluxes  occur  via  a  conductive  pathway  (158).  Neverthe¬ 
less,  there  is  little  information  about  the  functional  im¬ 
portance  of  K  conductances  in  iJ-cell  activation.  Vayu- 
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vegula  ut  al.  (273)  repurtcd  that  verapamil,  quinine, 
4-AP,  and  TEA  bluck  anti-IgM-indueed  B-cell  prolifera¬ 
tion  \v  ith  a  potency  sequence  that  it>  identical  to  that  for 
Kn't^pe  channels  in  T-cells.  In  contrast.  Ransom  and 
Cambier  (211)  reported  that  TEA  (10-100  mM)  did  not 
block  anti-Ig-induced  I A  expression  in  murine  B-cells.*^ 
Furthermore,  examination  of  the  Kn  conductance  in  sev 
eral  B-cell  lines  exhibiting  different  stages  of  immuno¬ 
globulin  secretion  demonstrated  a  lack  of  correlation 
between  these  two  phenomena,  suggesting  that  the  pres¬ 
ence  of  this  conductance  is  independent  of  immunocom- 
pctency. 

If  the  Kn  conductance  is  important  in  B-cell  activa¬ 
tion,  then  the  observations  that  the  Kn  conductance  is 
modulated  b>  both  [Ca],  and  cAMP  are  certain  to  have 
functional  implications  since  both  [Ca],  (8, 137, 196)  and 
cAMP  (189,  191)  have  been  implicated  in  B-cell  activa¬ 
tion.  The  rise  in  [Ca],  might  also  activate  Ca-activated  K 
conductance(s),  resulting  in  a  membrane  h^perpolarixa- 
tion.  In  addition,  the  actions  of  3-1  IT  on  the  Kn  conduc¬ 
tance  ma>  also  pla>  a  role  in  B-cell  activation. 

B)  Caluiuti  UiauHLls,  Indirect  evidence  indicates 
that  voltage-gated  Ca  channels  present  in  h>bridoma 
cell  lines  obtained  from  the  fusion  of  S191  and  murine 
splenic  B-cells  ma>  be  related  to  immunoglobulin  secre¬ 
tion  and/'or  cell  proliferation  (1C,  39).  A  comparison  of 
the  Ca  currents  in  the  Sl94  cell  line  and  in  two  murine 
h>bridoma  cell  lines  during  a  4-da>  culture  period  indi¬ 
cated  that  i)  the  Ca  current  of  sec/eting  h^bridomas 
was  larger  than  the  Ca  current  of  nonsecreting  S194 
cells,  J)  changes  in  Ca  current  correlated  with  the  time 
after  the  cells  were  tranferred  to  fresh  medium,  and  J) 
there  were  parallel  changes  in  the  density  of  Ca  current 
and  immunoglobulin  secretion  (39).  However,  a  high 
concentration  (100  ^M)  of  D  600  completely  blocked  both 
proliferation  and  antibody  production,  but  it  onlj 
blocked  Ca  currents  b>  37 In  a  different  h^bridoma 
cell  line,  Bosnia  and  Sidell  (13)  demonstrated  that  reti¬ 
noic  acid,  a  biologically  active  metabolite  of  vitamin  A, 
produces  a  dose-dependent  block  of  Ca  channels  in  the 
MnY206  hybridoma  cell  line  that  correlated  with  the 
ability  uf  retinoic  acid  to  inhibit  cell  proliferation.  Thus 
the  data  are  suggestive  that  the  Ca  current  in  hybrid- 
oma  cells  may  be  related  to  immunoglobulin  secretion 
and/or  cell  proliferation. 

With  the  exception  of  S194-deri\ed  hybridoma 
cells,  neither  ligand  induced  or  voltage-gated  Ca  chan¬ 
nels  have  been  described  in  murine  and  human  resting 
or  LPS-stimulated  B-cells.  However,  several  observa¬ 
tions  have  Indicated  that  B-cell  activation  by  some  stim¬ 
uli  Induces  a  Ca  Influx  and  that  this  Influx  occurs 
through  Ca  channels  (87).  First,  antibodies  against  the 
antigen  receptor  on  mouse  splenic  B  ly  mphocy  tes  Induce 


'The  reason  for  the  clLcrepancy  between  these  two  observations 
has  been  clarified  by  recent  studies  that  demonstrate  that  TEA  blocks 
IPccll  proliferation  <iurn)g  the  second  half  of  the  G|  phase  of  the  cell 
cycle,  whereas  I A  expression  occurs  just  before  stiniul  ited  15-cells 
enter  G,  (2a,  14a). 


a  rise  in  [Ca],  that  precedes  capping,  and  removing  ex¬ 
ternal  Ca  diminishes  the  [Ca],  increase  (208).  Similarly, 
a  biphasic  increase  in  [Ca],  was  reported  after  exposure 
of  human  tonsillar  B-cells  and  murine  B-cells  to  anti-Ig 
antibodies,  and  removing  extracellular  Ca  ii,  abited  the 
second  more  prolonged  phase  of  the  [Ca],  increase  (8, 
157).  i  It  should  be  noted  that  oscillations  in  [Ca],  lasting 
foi  hours  have  been  demonstrated  In  single  murine  B- 
cells  and  that  in  the  absence  of  external  Ca  the  oscilla¬ 
tions  only  persist  for  several  minutes  (282).]  Second,  the 
addition  of  Mn,  which  can  permeate  Ca  channels  but 
quenches  the  fluorescence  of  the  Ca  indicator  indo-1, 
also  demonstrated  the  activation  of  a  Ca  permeability 
after  anti-IgM  stimulation  of  human  B-cells  (157). 
Third,  anti-Ig  induced  a  membrane  depolarization  in 
both  murine  B  lymphocytes  and  human  tonsillar  B-cells 
that  was  dependent  on  extracellular  Ca  (157,  213). 

Depolarizing  E-cells  or  B-cell  tumor  cell  lines  w  ith 
high-K  medium  had  no  effect  on  the  increase  in  [Ca], 
produced  by  anti-Ig  antibodies  (8,  133,  157),  indicating 
that  the  influx  pathway  does  not  involve  voltage-gated 
Ca  channels.  Furthermore,  in  the  WEHI-231  B-cell  line 
derived  from  a  lymphoma,  anti-IgM,  which  produces  a 
rapid  rise  in  [Ca]„  failed  to  induce  a  simultaneous  mem¬ 
brane  depolarization  (which  would  be  expected  if  a  volt¬ 
age-gated  Ca  channel  was  activated).  This  observation 
is  supported  by  the  absence  of  voltage-gated  Ca  currents 
in  patch-clamp  studies  of  resting  and  LPS-activated  B- 
cells  (29, 168).  Hence,  it  is  likely  that  ligand-gated  volt¬ 
age-independent  Ca  channels  are  involved  in  B-cell  acti- 
vation  by  anti-Ig  antibodies.  Because  B-cell  activation 
induces  both  phosphoinositide  turnover  and  Ca  mobili¬ 
zation  (7,  133,  215),  a  likely  candidate  would  be  an 
Ins(l,4,5)P3-sensitive  Ca  channel  similar  to  that  de¬ 
scribed  in  T  lymphocytes  (72,  73). 

Although  increasing  the  influx  of  Ca  with  Ca  iono- 
phores  can  result  in  an  activation  of  B-cells  (213, 216),  it 
is  not  clear  at  what  stage  of  B-cell  activation,  if  any, 
influx  of  Ca  (in  contrast  to  release  of  intracellular  Ca 
stores)  is  required.  For  example,  although  a  [Ca],  in¬ 
crease  precedes  capping  induced  by  anti-Ig  antibodies, 
cells  in  Ca-free  medium  that  were  depleted  of  [Ca], 
capped  normally  without  a  rise  in  [Ca],  (208).  Further¬ 
more,  not  all  agents  that  activate  B-cells  increase  [Ca]„ 
neither  LPS  nor  PM  A,  which  activate  B-cells,  induces  an 
increase  in  [Ca],  (7).  Therefore  at  least  two  different  ac¬ 
tivation  pathways,  one  that  requires  [Ca],  and  one  that 
docs  not,  are  present  in  B-cells. 

C)  Volume  rofjulatiom  As  described  in  section 
1V>1  Jiv ,  the  RVD  response  that  occurs  after  exposure  to 
hypotonic  medium  involves  increased  permeability  to 
both  Cl  and  K  (for  reviews  see  Refs.  41, 87).  Unlike  hu¬ 
man  T-cells,  RVD  takes  ^1  h  to  occur  in  human  tonsillar 
B-cclls  (26).  Although  swelling  in  B-cclls  induces  an  in¬ 
crease  in  Cl  conductance  that  is  comparable  to  that 
noted  in  T-cells,  no  augmentation  of  K  permeability  oc¬ 
curs  (86).  Plovvcvcr,  adding  a  cation  ionophore  results  in 
a  secondary  RVD  response  in  hypotonically  stressed  B- 
cells.  These  observations  indicate  that  the  Cl  permeabil- 
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it>  pathway  and  the  K  puinicabllit^  paths\a>  invohod 
in  the  RVD  response  are  independent  and  that  the  in¬ 
ability  of  B-cells  to  undergo  RVD  is  due  to  a  low  K  per¬ 
meability. 

The  absence  of  an  osmuticalb\  induced  K  conduc¬ 
tance  in  human  tonsillar  B-cclls  compared  with  human 
T-cclls  ir  a>  be  related  to  the  difference  in  the  nunV  er  of 
Kn  channels  in  each  cell  t>pe,  both  human  tonsillar  B- 
cells  and  B-cells  from  peripheral  blood  ha\e  ^207c  of 
the  outward  K  conductance  reported  in  Jesting  hunjan 
T-cells  (40,  267).  This  con  elation  between  the  inci*ease 
in  K  permeability  after  hypotonic  stress  and  the  num¬ 
ber  of  Kn  channels  supports  the  idea  that  channels 
are  responsible  for  the  RVD-associated  K  efllux  (see 
sect.  IV/151V). 

No  direct  evidence  indicates  w^hich  Cl  conductance 
is  responsible  for  the  Cl  flux  during  KVi>.  Nevertheless, 
it  is  likely  that  similar  pathways  for  Cl  liux  arc  used  by 
both  T-  and  B-cells  and  that  this  pathway  involves  the 
ATP-depcndenl  Clg  channels  reported  in  both  T-  and 
B-cells  (147). 


V.  CONCLUSION 

The  objective  of  this  i*eview  is  to  provide  I’caders 
with  a  summary  of  the  electrophysiological  data  de¬ 
scribing  ion  conductances  in  leukocytes  and  their  poten¬ 
tial  physiological  relevance.  Leukocytes  contain  a  diver¬ 
sity  of  both  voltage-gated  and/or  second  messenger- 
modulated  ion  channels,  and  the  identifying  features  of 
many  of  these  channels  are  known.  Despite  considei’able 
progress,  a  myriad  of  questions  remain,  with  the  most 
relevant  being  the  relationship  of  these  ion  channels  to 
leukocyte  function. 

Some  of  the  answei's  to  this  question  ai’C  likely  to 
involve  the  coupling  of  ion  channels  to  intracellular  sig¬ 
naling  pathways  (130).  A  pi‘odigious  increase  in  under¬ 
standing  of  the  biuchemical  signaling  pathways  in  leu¬ 
kocytes  has  occurred  in  pai'allel  with  progi’ess  in  de¬ 
scribing  ionic  conductances  in  these  cells.  This  increase 
in  knowledge,  together  with  the  unique  adaptability  of 
the  patch-clamp  technique  to  different  recoi’ding 
modes,  should  piovide  a  clarification  of  the  functional 
relevance  of  ion  channels  in  leukocytes. 

Several  other  points  are  salient  to  a  discussion  of 
the  physiological  relevance  of  the  ion  channels  de¬ 
scribed  here.  First,  activation  of  leukocytes  can  occur 
through  multiple  signaling  pathways,  and  it  is  likely 
that  ionic  conductances,  which  may  be  important  in  one 
signaling  pathway,  are  not  important  in  others.  Second, 
the  relevance  of  data  obtained  fiom  tumor  cell  lines, 
which  vary  vvidely,  to  normal  leukocyte  function  must 
be  interpreted  with  caution  until  it  is  repeated  in  nor¬ 
mal  leukocytes.  Third,  unlike  ion  channels  in  excitable 
cells,  many  of  the  ionic  conductances  that  have  been 
described  in  leukocytes  may  have  only  indirect  effects 
on  cell  function.  That  is,  by  influencing  ion  homeostasis 
and  membi'ane  potential,  ion  channels  may  modulate 
protein  synthesis  (135),  recycling  of  receptors  (12),  or 


influx  of  Cl  .  15,  152)  without  being  directly  involved  in 
the  signaling  pathways. 

Fuilhermore,  little  is  known  about  the  pi’csence  of 
ion  channels  in  intracellular  compartments  or  about  the 
disribution  of  ion  channels  on  the  leukocyte  surface  dur¬ 
ing  capping,  p'lagocy  tosis,  or  other  physiological  events. 
The  application  of  molecular  biological  techniques  to 
the  study  of  Lukucyte  ion  channels  will  sui'ely  provide 
useful  mechanisms  to  better  define  the  importance  of 
ion  channels  in  leakocy  te  function  and  to  elucidate  how 
they  relate  to  siniilur  ion  channels  found  in  other  cel! 
types. 
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X  Irradiation  of  the  neonatal  rat  hippocampus  produces  a  selective  hypoplasia  of  fascia  dentata  granule  cells,  locomotor  hyperactivity, 
pcrscvciativc  niovcniciiLs  and  deficits  in  passive  ivoidance.  VVe  previously  reported  that  transplantation  of  fetal  hippocampal  tissue  into  the 
adult  (age  182  1  4  days)  biain  produced  a  partial  lecovery  of  these  behavioral  deficits.  Since  graftdiost  interconnections  are  more  prominent 
when  iKinspIanls  arc  conducted  soon  after  radiation  induced  hippocampal  damage,  ii.  this  study  we  transplanted  hippocampal  or  cerebral  cortex 
neurons  when  host  rats  were  33  ±  5  days  of  age  fi.e.  only  16  days  after  radiogenic  brain  damage).  Behavioral  evaluations  were  conducted 
80  and  182  days  after  liarisplanlation  or  surgical  control  procedures.  In  th»  first  lest  senes  only,  selective  components  of  locomotion  (e.g. 
stereotypy  and  total  distance  traveled)  and  pcrsevciative  turning  (e.g.  mean  oout  length  and  turning  speed  topography)  were  normalized  by 
Mk  hippocampal  grafts  Radiation  induced  changes  in  passive  avoidance  were  less  prominent  in  these  studies  than  in  past  experiments.  Still, 
Ir.t  splantation  of  hippocampal  tissue  improved  performance  on  this  learning  task  as  well.  Cerebral  cortex  grafts  did  not  produce  reliable 
improvements  in  most  behavioral  measures  These  data  suggest  that  hippocampal  grafts  placed  soon  after  X-ray  induced  fascia  dentata 
hypoplasia  reduce  a  broad  range  of  behavioral  deficits.  However,  these  benefits  are  transient  and,  for  the  most  part,  depend  on  the  use  of 
transplant  tissues  homologous  with  those  damaged. 


INTRODUCTION 

It  is  possible  to  produce  selective  hypoplasia  of  the 
hippocampal  granule  cells  by  X-irradiating  the  partially 
shielded  rat  brain.  Specificity  of  damage  is  assured  by 
conducting  the  radiation  exposure  when  fascia  dentata 
granule  cells  are  mitotic,  but  adjacent  neurons  are 
mature  (and  therefore  less  radiosensitive)^'^**.  This  brain 
damage  effectively  disrupts  major  afferents  to  the  hip¬ 
pocampus  by  eliminating  the  target  cells  of  the  perforant 
path  (from  entorhinal  cortex).  Thus,  although  the  lesion 
is  discrete,  it  often  produces  behavioral  consequences 
similar  to  hippocampectomy*^^ Bayer  et  al.\  for 
example,  described  locomotor  hyperactivity,  reduced 
spontaneous  alternation  in  a  T-maze  and  retarded  acqui¬ 
sition  of  a  passive  avoidance  ♦ask  in  rats  with  early 
radiation-induced  damage  of  the  fascia  dentata.  More 
recently,  we  replicated  and  extended  this  work  by 
revealing  that  rats  with  hypoplasia  of  the  fascia  dentata 
granule  cells  also  exhibit  perseverative  spontaneous 
turning’^'  and  that  behavioral  deficits  change  significantly 
over  time^*^’*'^*\ 

The  behavioral  and  neuroanatomical  aberrations  ob¬ 


served  in  animals  with  radiation-induced  hippocampal 
damage  can  be  partially  attenuated  by  transplanting 
embryonic  hippocampal  neurons  into  the  young  adult 
fascia  dentata"^  Zimmer  and  his  colleagues'^^' 

described  how  this  fascia  dentata  hypoplasia  and  place¬ 
ment  of  neural  grafts  causes  secondary  neuroanatomical 
changes.  They  report  that  the  hippocampal  mossy  fiber 
system  is  attenuated  corresponding  to  the  reduction  in 
granule  cells.  Further,  the  perforant  pathways  from  the 
entorhinal  cortex  project  aberrantly  onto  the  basal 
dendrites  of  CA3  hippocampal  pyramidal  cells  in  the 
absence  of  sufficient  target  granule  cells.  These  data 
suggest  that  the  brain's  dynamic  response  to  granule  cell 
hypoplasia  may  produce  a  transient  period  in  which 
intervention  with  transplantation  of  neural  tissue  may  be 
beneficial.  In  fact,  Zimmer*^^'  imported  a  time-dependent 
decrease  in  the  growth  of  host  fibers  into  hippocampal 
transplants.  If  grafts  were  placed  5  or  10  weeks  after 
radiation-induced  hypoplasia  of  fascia  dentata  granule 
cells,  it  was  impossible  to  demonstrate  ingrowth  of 
commissural  hippocampo  dentate  fibers  into  the  trans¬ 
plants.  Stein  et  al.^*  also  found  that  brain  damaged  rats 
with  transplants  at  7  or  14  days  after  cortical  lesions 
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bignificantl)  improved  pubtupcrativc  acquisition  of  a 
spatial  alternation  task.  Transplants  performed  30  or  60 
days  postoperatively  had  no  benefit. 

The  factor  of  subject  age  at  the  time  of  neural 
transplantation  has  also  received  considerable  scrutiny. 
For  example,  Stenevi  et  al.‘^‘^  have  reported  that  grafts 
survive  well  in  neonatal,  >oung  postnatal  and  old  rats. 
Similarly,  other  data  suggest  that  there  is  no  difference  in 
the  growth  of  the  graft  in  the  brains  of  neonatal,  6-day-, 
or  9-da>-old  rat  pups^^  Kaplan  et  al.'^*  also  report  that 
there  is  no  qualitative  effect  of  host  age  on  graft 
morphology  nor  were  there  quantitative  effects  on 
transplant  size,  dendritic  length  or  branching  frequenc) 
within  the  transplanted  tissue.  These  data  may  be 
contrasted  with  the  report  of  Stein  et  al.'^^  who  noted  that 
old  (20  months)  rats  with  bilateral  lesions  of  the  frontal 
cortex  do  not  show  any  behavioral  benefits  following 
implants  of  fetal  brain  tissue.  Further,  Zimmer's  data*^^' 
(see  above)  clearl)  show  how  host  age  can  alter  the 
nature  of  host/graft  interconnections  in  the  brains  of 
irradiated  rats. 

In  the  current  stud>,  we  grafted  embryonic  fascia 
dentata  or  cerebral  cortex  neurons  into  host  rats  with 
fascia  dentata  granule  cell  hypoplasia.  Transplants  were 
performed  at  age  33  da>s  (i.e.  onl>  16  days  after  the 
completion  of  the  radiation  treatments).  This  contrasts 
with  our  previous  experiments  in  which  we  reported 
partial  behavioral  recovery  in  rats  receiving  hippocampal 
grafts  at  approximately  6  months  of  age  (i.e.  >  5  months 
after  the  initial  brain  damage).  Since  graft/host  intercon¬ 
nections  are  more  prominent  when  transplants  are 
conducted  in  young  rats  soon  after  brain  damage**^',  we 
hypothesized  that  a  more-complete  behavioral  recovery 
iiiight  follow  from  prompt  neural  transplantation. 

MATERIALS  AND  METHODS 
Subjects 

Pregnant  rats  (CrI:  CD(SD)BR)  obtained  from  Charles  River 
Laboratories,  Kingston,  NY,  and  screened  for  evidence  of  disease 
were  housed  in  a  facility  accredited  by  the  American  Association  for 
Accreditation  of  Laboratory  Animal  Care  (AAALAC).  Tempera¬ 
ture  and  relative  humidity  in  the  animal  rooms  were  held  at 
19-21  and  50  ±  10%,  respectively,  with  10+  air  changes/h. 
Full-spectrum  lighting  was  cycled  at  12  h  intervals  (lights  on  at 
06.00)  with  no  twilight.  The  59  male  rats  used  in  these  experiments 
came  from  a  total  of  18  different  litters.  On  the  day  of  birth  (day 
1)  litters  were  culled  and  only  4-8  malcs/Iittcr  were  reared  together. 
Based  on  a  random  selection  process,  from  1  to  6  of  these  rats  in 
each  litter  were  actually  used  in  the  experiments  reported  here.  All 
rats  were  weaned  at  the  same  time  (between  23  and  28  days  after 
birth)  and  then  individually  housed  in  micro-isolator,  polycarbonate 
cages  on  hardwood  chip  contact-bedding.  Rats  were  given  ad-lib 
Wayne  Rodent  BIox  and  water. 

Irradiation  procedure 

Irradiations  were  eondueted  as  dcseribed  previously’”  Briefly, 
subjeets  from  caeh  litter  were  randomly  assigned  to  either  the 


X  irradiated  or  the  sham-irradiated  (control)  group.  Irradiated  rats 
received  collimated  X-rays  delivered  dorsally,  in  the  coronal  plane, 
through  a  narrow  slot  in  a  loose-fitting  whole-body  lead  shield. 
X-rays  were  confined  to  that  area  of  the  head  previously  determined 
to  euntain  the  Lippoeampus  (sec  ref.  6  for  a  complete  explanation 
of  this  procedure).  The  irradiated  rats  were  exposed  to  2  0  Gray 
(Gy)  on  postnatal  days  1  and  2  (day  of  birth  =  postnatal  day  1),  and 
to  1.5  Gy  on  postnatal  days  5,  7,  9,  12,  14  and  16  for  a  total 
partial-hcad-only  dose  of  13  Gy  (1  Gy  =  100  rads).  Doses  were 
determined  by  using  Exradin  0.05  ml  tissue-equivalent  ion  chambers 
with  calibration  traceable  to  the  National  Institute  of  Standards  and 
Technology.  X-rays  were  delivered  at  a  rate  of  0.49  Gy/min  (total 
irradiation  time  -  3.0  4.0  min)  at  a  depth  of  2  mm  in  tissue.  The 
sham-irradiated  control  rats  were  restrained  for  the  same  time 
period  as  the  irradiated  rats  but  were  not  exposed  to  X-rays. 

The  entire  antcnor/posterior  extent  of  the  hippocampal  formation 
was  irradiated  as  were  brain  areas  dorsal  and  ventral  to  this 
structure  (sec  ref.  32  for  a  listing  of  these  other  brain  areas).  Brain 
structures  anterior  and  posterior  to  the  slot  in  the  lead  were 
shielded.  At  the  time  of  our  postnatal  radiation  exposures  the  rat 
brain  contained  3  remaining  populations  of  dividing  (and  therefore 
radiosensitive)  cells:  neuronal  precursors  of  granule  cells  in  the 
hippocampus,  cerebellum  and  olfactory  bulbs**^*^.  Two  of  these 
major  neuronal  precursor  populations  (in  the  cerebellum  and 
olfactory  bulbs)  were  covered  by  the  radio-opaque  shielding.  Not 
shielded  were  the  mitotic  (radiosensitive)  granule  cells  of  the 
dentate  gyrus  and  the  mature  neurons  in  other  brain  structures 
residing  in  the  same  coronal  plane  as  the  hippocampus.  This 
procedure  produces  selective  hypoplasia  of  granule  tells  in  the 
dentate  gyrus^  **  while  sparing  the  radioresistant®  *^  mature  neurons 
of  other  brain  structures.  The  technique  has  been  validated  through 
a  variety  of  ncuroanatomical  methods^  *^*^^.  The  rats  in  the  current 
study  were  sacrificed  at  the  end  of  the  experiment  to  allow 
histological  analysis  of  the  brain  (see  below). 

General  procedures  and  experimental  groups 

Following  irradiation  or  sham-irradiation,  rats  were  allowed  to 
mature  for  approximately  1  month  (mean  age  32.9  ±  0.5  (S.E.M.) 
days)  before  neural  transplantation  and  sham-surgical  procedures 
were  conducted  (see  Table  I).  Rats  were  tested  approx.  2.7  months 
(at  mean  age  of  113  ±  2  (S.E.M.)  days)  and  again  at  6.1  months 
(mean  age  of  217  ±  3  (S.E.M.)  days)  after  the  surgical  procedures. 
Sec  Table  I  for  average  ages  of  rats  at  the  time  of  each  behavioral 
test. 

Thirty  eight  experimental  rats  were  irradiated  in  order  to  produce 
hypoplasia  of  the  fascia  dentata  granule  cells.  Rats  were  later 
randomly  assigned  to  various  surgical  conditions.  Some  of  these 
animals  received  hippocampal  grafts  (n  =  9)  or  tissue  from  a 
non-homologous  CNS  area  (cerebral  cortex;  n  =  11).  Other 
irradiated  subjects  {n  =  7)  received  no  neural  grafts  but  underwent 


TABLE  I 


Average  rat  age  {days  ±  S.E.M.)  at  time  of  transplant  surgery hham 
surgery  and  various  behavioral  tests 


Event 

Irradiated* 

Sham-irradiated* 

Surgery/sham  surgery 

32.6  ±0.6 

33.8  ±0.7 

First  rotation  scries 

80.2  +  0.6 

80.4  +  0.8 

First  passive  avoidance 

108.9 ±  LI 

107.9  ±1.3 

First  locomotion  scries 

146.0  +  5.2 

157.0  +  8.9 

Second  rotation  series 

221.6  +  2.2 

223.4  ±2.8 

Second  passive  avoidance 

192.6+1.4 

194.0+1.9 

Second  locomotion  scries 

230.3  +  5.6 

243.4  +  8.7 

*  Subjects  were  irradiated; sham-irradiatcd  on  8  days  during  postna¬ 
tal  days  1-16  (day  of  birth  ~  postnatal  day  1).  Sec  text  for  details. 
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a  sham  surgical  procedure  in  order  lo  evaluate  the  etleets  of  our 
surgical  teehnli^ue^  Additional  rats  (/i  11)  with  radiation  induced 

fascia  dentata  damage  received  no  surgical  treatment  Sham 
irradiated  control  rats  also  underwent  a  sham  ;:>urgieal  procedure  (/i 
=  12)  or  experienced  no  surgery  {n  -  9) 

Behavioral  tests 

During  each  test  senes  we  recorded  performance  on  3  primary 
behavioral  measures:  locomotor  activity,  spontaneous  rotation  and 
passive  avoidance  (sec  below  and  Table  I).  Rats  with  fascia  dentata 
granule  cell  hypoplasia  perlorm  poorly  on  passive  avoidance  tasks 
by  readily  moving  into  an  urea  in  which  they  have  recently  been 
shocked^  These  subjects  have  enhanced  levels  ol  spontaneous 
locomotor  hyperactivity'  ’  and  become  lixated  on  some  motor 
response  patterns.  In  paiticular.  they  exhibit  perseverative  turning 
(in  a  bowl  apparatus)  and  are  less  likely  lo  reverse  their  direction 
of  rotatioir'  A  briel  description  ol  the  behavioral  tests  used  in 
this  study  follows  (see  rcT  28  for  more  details). 

LoK^omotor  uc/any  Locomotor  behaviors  were  automatically 
recorded  using  Digiscan  Animal  Aelivity  Monitors*  Model  DCM-lb 
(Omnitcch  Lleetronies.  Columbus.  Oil).  Monitors  consisted  ol  a 
square  acrylic  activity  arena  (40  a  40  a  30  cm)  and  an  array  ol 
infrared  horizontal  and  vertical  sensors  1  inch  (2.54  cm)  apart. 
Horizontal  and  vertical  sensors  were  positioned  1.3  and  11.0  cm. 
respectively,  above  the  floor  ol  the  cage.  Measurements  were  made 
in  a  Digiscan  activity  monitor  for  at  least  two.  1-h  periods  separated 
by  1  week  or  more.  The  following  activity  parameters  were  recorded 
during  the  lighted  portion  ol  the  dark- light  cycle.  (1)  total  distance 
traveled,  a  measure  ol  horizontal  locomotion  that  goes  beyond 
infrared  beam  break  counts,  taking  into  account  diagonal  movc' 
ments,  and  computes  actual  distance  traveled,  (2)  vertical  activity, 
total  number  ol  beam  interruptions  that  occurred  in  the  vertical 
sensor  (these  beam  breaks  reflected  rearing  and  high  snilfing 
movements),  (3)  slereoiypie  movements,  number  ol  occurrences  ol 
quick  (vis)  repetitive  breaks  ol  the  same  horizontal  beam. 

Spontaneous  rotatioiL  Rotation  was  measured  in  one  of  two 
opaque,  sound-insulated,  60-cm  diameter  plastic  hemispheres 
(bowls).  Rotation  within  the  hemisphere  was  inevitable  since  this 
was  the  primary  gross  movemeut  permitted  by  the  shape  of  the 
apparatus  Circling  was  measured  through  a  projector-drive  cable 
clipped  lo  a  wide  rubber  band  around  the  rat’s  thorax’"'.  We 
recorded  the  time  and  direction  of  each  quarter  turn  in  each  of  6 
30  min  sessions,  at  approximately  the  same  time  during  the  light 
portion  of  the  day,  for  6  consecutive  days. 

Passiic  (noit/unct  Passive  avoidance  was  measured  within  a 
shuttle  box  comprised  of  two  adjacent  compartments  (each  22  a  22 
^  22  cm)  separated  by  a  black  plastic  guillotine  door.  Leads  from 
a  Coulbourn  Instrument’s  (Lehigh  Valley.  PA)  constant-current 
shocker  (Model  CI3  04)  Were  connected  to  the  floor  bars  m  the  goal 
compartment  but  not  to  the  bars  in  the  start  compartment. 

Three  lo  days  before  training,  rats  were  given  daily  rations  of 
5  g  of  Wayne  Rodent  Blox  and  I  5  g  of  highly  palat<ible  breakfast 
cereal  (Trout  Loops,  Kellogg  Company.  BattK  Creek,  MI).  Tor  2 
to  4  days  before  training,  eaeh  rat  was  allowed  to  fully  explore  the 
shuttle  box  (with  cereal  in  a  food  tray)  for  15-45  min.  Body  weight 
on  the  first  day  of  training  averaged  of  subject  weight  for  the 
week  prior  to  food  reduction  During  training  (15  trials  each  day) 
the  rat  was  placed  in  the  st,irt  compartment  with  the  divider  door 
closed  After  5  s  the  door  was  raised  and  a  timer  started.  The  trial 
ended  cither  when  the  rat  grasped  a  Trout  Loop  or  in  2  min. 
Between  training  trials,  the  rat  was  returned  to  its  home  cage  for  30 
s  Avoidance  testing  was  started  when  rat  both  averaged  less  than 
|0  s  per  trial  to  grasp  the  food  during  a  training  session  and,  on  the 
first  5  trials  of  the  following  day,  had  a  median  latency  to  grasp  the 
food  in  10  s  or  less. 

\voIdanec  training'testing  consisted  of  initialing  a  regular  training 
trial  as  usual  However,  when  the  rat's  4  feet  were  in  the  goal  box, 
the  experimenter  administered  a  0  25  mA  scrambled  foutshoek  until 
the  rat  retreated  to  the  safe  side  The  rat  was  then  returned  to  its 
home  cage  for  60  s  This  pruevdurc  was  repeated  on  subsequent 


trials  except  that  the  floor  on  the  lood  .side  of  the  chamber  was 
continuously  electrified.  The  eritieal  latency  measured  was  the  time 
for  each  fat  to  cross  onto  the  shoek  grid.  A  trial  was  terminated  if 
the  rat  either  crossed  unto  the  food/ shock  side  of  the  chamber 
(registering  a  decrease  in  resistance  across  the  rods)  or  stayed  on  the 
safe  side  for  120  s.  The  session  (and  test)  was  ended  when  the  rat 
remained  in  the  safe  area  for  120  s  on  3  consecutive  trials  or  after 
20  test  trials. 

Surgery^  fetal  graft  preparation  and  injection 

Twelve  of  the  sham  irradiated  rats  and  27  of  the  irradiated 
animals  underwent  a  surgical  procedure  at  approx.  33  days  of  age. 
The  animals  were  injceted  with  atropine  sulfate  (0.4  nig^'kg,  i.p.) 
and  then  anesthetized  with  sodium  pentobarbital  (50  mg^'kg,  i.p.). 
Using  aseptic  techniques  (sec  rcL  28),  a  20  gauge  stainless  steel 
cannula  was  stereotaxically  directed  toward  the  dentato gyrus  of  the 
hippocampal  formation  in  c<ich  brain  hemisphere  using  the  follow¬ 
ing  coordinates.  3.5  mm  posterior  to  bregma,  1.6  mm  lateral  to  the 
midiinc.  4.0  mm  below  the  skulT^.  Donor  tissues  (see  below)  were 
cut  into  approx.  0.027  iiim^  fractions  and  3  or  4  of  the  pieces  were 
suspended  in  tissue  culture  medium  (Dulbeeeo  s  Modified  Cagle 
Medium,  Whittaker  M.A.  Bioproducts,  Walkcrsville,  MD)  and 
injected  into  each  side  of  the  host  brain.  The  total  injection  volum* 
was  3.0- 4.0  )d.  Some  of  our  subjects  underwent  a  sham-surgical 
prov  2,*ie  and  were  treated  as  described  above  except  that  no  fetal 
tissue  was  injected  into  the  brain  along  with  the  tissue  culture 
medium. 

Donor  CNS  tissue  used  for  transplantation  was  dissected  from 
C20  21  day  rat  fetuses  while  the  dam  was  maintained  under  deep 
anesthesia  (sodium  pentobarbital,  55  mg'kg,  i.p.)  (sec  methods 
previously  described  by  Slcnevi  ct  al.^"*  and  Mickley  ct  al.^^).  Donor 
tissue  was  taken  from  cither  the  dentate  gyrus  of  the  hippocampus 
or  from  the  cerebral  cortex.  The  hippocampal  tissue  used  for 
transplantation  consisted  predominantly  of  the  granule  cells  (and 
precursors)  from  fascia  dentata.  However,  inlerncurons  and  cells 
from  CA3  were  also  present  in  many  of  the  grafts. 

Histology 

After  behavioral  testing  was  completed,  our  rats  were  anesthe¬ 
tized  iiiid  perfused  with  heparinized  saline  followed  by  10%  buffered 
formalin.  Brains  were  embedded  in  paraffin,  serially  sectioned 
(6  Jim)  (in  the  sagittal  plane)  and  then  stained  with  Cresyl  violet  and 
luxol  Tast  blue^’’.  The  brains  of  all  subjects  receiving  neural 
transplants  were  reviewed  by  one  of  us  (G.A.M.)  who  was  blind  to 
the  behavioral  results.  During  this  review  wc  confirmed  the 
presence. absence  of  the  grafts,  evaluated  graft  morphology  and 
determined  the  ncuruanatomical  location  of  the  neural  transplants. 

All  brains  aLo  received  a  preliminary  review  to  confirm  radiation- 
induced  damage  to  the  dentate  gyrus.  In  addition,  many  (irradiated, 
n  -  17,  shani-irradiatcd,  n  -  17)  non-transplantcd  brains  were 
analyzed  in  more  detail.  A  single  section  (approx.  1 .9  mm  lateral  to 
the  midlinc)^^  was  used  for  this  analysis.  Wc  counted  the  total 
number  of  granule  cells  that  could  be  visualized  in  this  section  (see 
ref.  28  for  more  details  on  this  procedure).  Using  an  imaging  system 
(Bioquant  System  IV,  R&M  Biometrics,  Inc.,  Nashville,  TN)  we 
also  derived  the  area  of  the  dentate  gyrus,  computed  the  cellular 
density  of  the  structure  and  the  thickness  of  the  granule  cell  layer. 
In  order  to  confirm  that  the  shielding  of  other  brain  areas  was 
sufficient,  wc  also  counted  granule  cells  in  a  0.048  mm^  area  in  the 
cerebellum  and  olfactory  bulb.  Further,  wc  evaluated  the  sparing  of 
another  more  mature,  and  therefore  less  radiosensitive,  hippo¬ 
campal  structure  by  counting  the  thickness  of  the  CAl  pyramidal 
cell  layer  that  w«is  dorsal  to  the  dentate  and  directly  in  the  path  of 
the  X-radiation. 

Brains  with  neural  grafts  were  further  analyzed  by  estimating  the 
Volume  of  the  transplants.  Using  the  Bioquant  Imaging  System,  wc 
made  mcasurcincnts  of  graft  areas  within  every  8tti  brain  section 
throughout  the  full  extent  of  the  transplants.  Estimates  of  graft 
volumes  were  calculated  by  multiplying  the  area  of  the  transplant 
(visualized  in  each  section)  by  the  thickness  of  tissue  between  the 
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sections  sampled  (7  sections  x  6  /mi/scction  =:  42  /<m)  and  then 
summing  these  scores  for  each  graft.  When  more  than  one 
transplant  was  visualized  in  a  particular  brain »  the  individual  gratt 
volumes  were  added  to  get  a  total  transplant  volume  for  that 
subject. 

Data  analysis 

Locomotor  activity  was  collected  in  fifteen  4-mln  bins  and  then 
summed  during  each  lest  session.  Locomotor  counts  were  then 
averaged  over  the  two  1-h  test  sessions  to  gel  the  single  score  per 
parameter  (i.e.  total  distance  traveled,  vertical  activity,  stereotypic 
movements)  used  in  our  analysis. 

Spontaneous  perseverative  rotation  was  quantified  by  recording 
the  bout  length  each  time  before  a  reversal  m  turning  direction  was 
made.  The  mean  turning  bout  length  for  each  of  the  6  daily  lest 
sessions  was  computed  by  dividing  the  total  quarter  turns  (in  either 
the  dominant  or  non-dominant  direction)  by  the  number  of  bouts  of 
quarter  turns  (without  reversal  of  direction)  in  that  session. 
Statistical  comparisons  were  computed  using  each  rat's  average 
bout-length  score.  This  was  the  mean  of  the  daily  bout  lengths  for 
the  6  sessions  in  the  test  series.  In  order  to  conduct  an  analysis  of 
turning  speed  we  calculated  the  percent  of  total  quarter  turns  that 
was  represented  by  quarter  turns  of  different  durations  (1-30  s,  in 
l-s  bins;  also  durations  >  30  s).  These  speed  calculations  were  made 
over  the  6,  30-min  daily  test  sessions. 

We  assessed  performance  on  the  passive  avoidance  task  by 
analyzing  the  lime  spent  in  the  safe  compartment  before  moving 
onto  the  shock  grid.  Of  primary  interest  was  the  number  of  trials  it 
took  subjects  to  meet  the  criterion  of  slaying  in  the  safe  area  for  3 
consecutive  120-s  periods  on  the  test  day.  Rats  that  required  <  20 
trials  to  meet  this  criterion  were  assigned  a  score  equal  to  the 
number  of  the  third  consecutive  120-s  trial.  Rats  that  required  >  20 
trials  to  meet  this  criterion  were  assigned  a  score  of  20. 

We  accomplished  group  comparisons  within  a  particular  test  series 
by  using  /-tests'”.  In  circumstances  where  multiple  group  compar¬ 
isons  would  significantly  increase  the  probability  of  a  Type  I  error, 
the  a  (0  05  for  a  I  tail  test,  unless  otherwise  staled)  was  partitioned 
according  to  the  procedure  of  BonferronP.  When  assumptions  of 
homogeneity  of  variance  could  not  be  met  by  using  the  raw  data  w'c 
transformed  the  scores  to  logarithms.  Unless  otherwise  stated,  the 
performance  of  transplanted  rats  was  compared  to  that  of  sham- 
surgery  controls  When  sham-surgery  and  no-surgery  treatments 
produced  behavioral  results  that  were  not  significantly  different  (a 
^  0.05),  these  groups  were  sometimes  combined  for  analysts. 

RESULTS 

Histologiuil  Lonfirmatiun  of  fasua  ilcntuta  granule  tell 
hypoplasia 

Exposure  of  a  portion  of  the  neonatal  cerebral  hemi¬ 
spheres  to  fractionated  doses  of  ionizing  radiation  pro¬ 
duced  a  selective  reduction  in  granule  cells  of  the 
hippocampal  dentate  gyrus  while  sparing  other  brain 
areas  (sec  Table  II).  Specifically,  irradiation  of  the 
neonatal  rat  hippocampus  produced  a  statistically  signifi¬ 
cant  86%  (^32  =  12.43,  p  <  0.001)  depletion  in  the 
number  of  dentate  granule  cells.  Similarly,  both  the  areas 
and  the  granule  cell  densities  of  the  irretdiated  dentate 
gyri  were  significantly  reduced  compared  to  those  of  the 
control  rats  =  12.8,  P  <  0.001  and  /32  =  8.65,  P  < 
0.001,  respectively).  The  specificity  of  this  damage  is 
illustrated  by  the  sparing  of  the  pyramidal  CAl  neurons 
that  were  directly  in  the  path  of  the  X-rays.  Irradiation 
produced  no  significant  change  in  the  thickness  of  the 


TABLE  II 

Histologiml  data  demed  from  analysis  of  sagittal  sections  of  rat  brain 


Numbers  arc  means  and  (in  parentheses)  S.E.M.s 


Anatomical 

parameter 

Irradiated 

(n=I7) 

Sham-irradiated  %of 
(n  =  17)  Control 

Number  of  dentate 
granule  cells 

226.3(30.3)* 

1537.6(101.0) 

14%* 

Dentate  area  (mm^) 

0.9(0.!)* 

2.4  (0.1) 

38% 

Density  of  dentate 
granule  cells  (/mm^) 

253.1(21.5)* 

646.5(40.1) 

39% 

Thickness**  of  dentate 
granule  cell  layer 

2.2  (0.1)* 

6.2  (0.3) 

35% 

Thickness**  of  CAl 
pyramidal  cell  layer 

2.4  (0.2) 

2.4  (0.1) 

100% 

Density  of  olfactory 
bulb  granule  cells 
(/mm*) 

10213.1(577.2) 

11457.9(598.4) 

89% 

Density  of  cerebellum 
granule  cells  (/mm^) 

15820.1(646.7) 

18020.8(624.0) 

88% 

Cerebellum  area 
(mm^) 

21.8(0.9) 

21.2(1.3) 

103% 

*  Significantly  different  (/-test)  from  sham-irradiatcd,  P  ^  0.01. 

**  Number  of  cells. 

^  Note  that  these  levels  arc  comparable  to  those  reported  by 
Zimmer  ctal.’*^ 


CAl  pyramidal  cell  layer,  yet  the  thickness  of  the  dentate 
granule  cell  layer  was  significantly  reduced  (/32  ==  10.95, 
P  <  0.001). 

The  size  (area)  of  the  irradiated  rat  cerebellum  was  no 
different  from  that  of  sham-irradiated  controls  (see  Table 
II).  Although  there  was  a  trend  towards  granule  cell 
hypoplasia  in  the  cerebellum  and  olfactory  bulb  of 
irradiated  rats  (as  measured  by  cell  densities  of  88%  and 
89%  of  control,  respectively),  this  was  not  a  statistically 
reliable  effect  (a  =  0.01).  These  data  suggest  that  our 
X-ray  exposure  procedures  produced  damage  that  was 
selective  for  fascia  dentata  granule  cells. 

Using  multiple  corrclatiuns  we  compared  several  brain 
histology  parameters  (derived  from  rats  that  underwent 
sham-surgical  or  no-surgical  procedures,  see  Table  II) 
with  results  of  our  behavioral  tests.  This  analysis  revealed 
statistically  significant  relationships  between  hippo¬ 
campal  damage  and  several  measures  of  performance 
(sec  Table  III  and  also  ref.  14).  For  example,  on  both  the 
first  and  second  postoperative  tests,  mean  bout  length 
was  negatively  correlated  with  the  number  of  granule 
cells  in  the  fascia  dentata.  That  is  to  say,  when  there  were 
few  granule  cells  in  the  dentate,  turning  bouts  increased. 
On  the  other  hand,  correlations  between  behavioral 
measures  and  histological  indicators  of  cerebellar  and 
olfactory  bulb  cell  densities  were  uniformly  not  statisti¬ 
cally  significant.  These  data  point  to  hippocampal  dam¬ 
age  as  a  likely  predictor  of  the  behavioral  alterations 
described  in  this  paper. 
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Graft  sun i\(d,  louitiotif  volume  and  tytology 

Three  or  4  pieces  uf  fetal  tissue  were  injected  into  each 
hemisphere  of  our  experimental  subjects.  Since  individ¬ 
ual  grafts  appeared  to  fuse  together  in  some  cases,  it  was 
often  difficult  to  count  the  number  of  surviving  pieces  of 
transplanted  tissue.  Transplanted  rats  with  at  least  one 
viable  graft  were  included  in  the  data  pool  for  this  paper. 
Using  this  criterion,  95Ct  (20  out  of  21)  of  rats  receiving 
fetal  neural  transplants  as  neonates  were  observed  to 
have  viable  grafts  at  the  end  of  the  slud>  (see  Fig.  1). 

Following  histological  review  of  the  transplanted  brains 
we  divided  subjects  into  4  categories.  (1)  animals  with 
hippocampal  grafts  located  cither  entirel)  or  partiall) 
within  the  hippocampal  formation  (n  =  6)  (see  ref.  32  for 
the  anatomical  limits  of  this  structure),  (2)  animals  with 
hippocampal  grafts  entirel)  out  of  the  hippocampal 
formation  {n  =  3),  (3)  animals  with  cerebral  cortex  grafts 
located  either  entirel)  or  partial!)  within  the  hippocampal 
formation  (n  =  3),  or  (4)  animals  with  cerebral  cortex 
grafts  located  entirel)  out  of  the  hippocampal  formation 
{n  -  8).  These  groupings  were  used  to  determine  how 
graft  location  influenced  the  animals  performance  on  our 
behavioral  measures. 

Although  cerebral  cortex  grafts  tended  to  be  slightl) 
smaller  (mean  =  0.67  mm^  ±0.1  (S.E.M.))  than  did 
hippocampal  transplants  (mean  ^  0.69  mm^  ±  0.4 
(S  E  M-)),  this  difference  in  volume  was  not  statistical!) 
significant  Our  anal)sis  of  graft  volume  revealed  that 
most  of  our  transplants  were  quite  small  relative  to  the 
grafts  reported  to  grow  under  a  varict)  of  other  cir¬ 
cumstances’**  ”  However,  the  graft  volumes  in  this  stud) 
were  similar  to  those  graft  volumes  we  observed  in  adult 
rats  with  fascia  dentata  damage  that  also  received 
grafts^^  Similarl),  the  volumes  of  the  grafts  located 

TABLE  III 

Correlations  betw^een  behavioral  and  neuroanatoniical  data  for 
irradiated  and  sham-irradiated  rats  receiving  sham-surgical  proce¬ 
dures  or  no  surgical  treatment 


Anatomical 

Behavioral  measures* 

paratneters 

Bout  length 

%  Turns <ls 

Test! 

Test  2 

Test! 

Test2 

Fascia  den  tala  granule 
ceil  number 

-0.519** 

-0.388** 

0.424** 

0.379** 

Fascia  dentata  granule 
cell  density 

-0.528** 

-0.376** 

0.454” 

0.460** 

Olfactory  bulb  granule 
cell  density 

-0.343 

-0.270 

0.100 

0.210 

Cerebellum  granule  cell 
density 

-0.290 

-0.080 

-0.070 

0.306 

*  Mean  bout  length  and  mean  percent  quarter  turns  of  <I  s 
duration  arc  represented  for  postoperative  tc.sts  1  and  2. 
«;»<0.05,df=32. 


inside  the  hippocampal  formation  did  not  differ  from 
those  located  outside  this  structure.  We  found  no 
significant  correlations  between  graft  volume  and  post- 
surgical  changes  recorded  on  the  spontaneous  rotation  or 
locomotor  activity  measures. 

Locomotor  activity 

As  vve  described  previously"**^^,  radiation-induced 
hypoplasia  of  fascia  dentata  granule  cells  produced  an 
initial  locomotor  hyperactivity  in  the  horizontal  plane  (t^ 

-  2.12,  P  =  0.02)  and  increased  stereotypic  behaviors  (r,^ 

-  3.28,  P  ^  0.002),  while  sparing  the  vertical  activity  of 
rats  that  underwent  sham  surgical  procedures.  These 
behavioral  changes  were  most  evident  during  the  first 
behavioral  test  series.  Compared  to  irradiated  rats  that 
had  sham  surgery,  irradiated  subjects  with  hippocampal 
transplants  showed  a  significant  reduction  in  both  total 
distance  traveled  (/,4  -  -1.99,  P  =  0.03)  and  stereotypy 
(fi4  “  -3.32,  P  =  0.002)  at  the  time  of  the  first 
postoperative  test  (see  Fig.  2).  Cerebral  cortex  grafts  did 
not  significantly  attenuate  changes  in  either  of  these 
measures  of  locomotor  hyperactivity. 

Graft-induced  behavioral  benefits  did  not  persist, 
however.  During  the  second  postoperative  test  series, 
rats  with  hippocampal  damage  and  grafts  exhibited  levels 
of  horizontal  activity  and  stereotypic  behavior  that  were 
comparable  to  those  recorded  from  irradiated  rats  that 
underwent  sham  surgery.  It  should  be  noted,  however, 
that  radiation-induced  locomotor  hyperactivity  was  not  a 
reliable  phenomenon  during  the  second  test  series  (see 
also  ref.  27).  At  this  time,  rats  with  hippocampal  damage 
exhibited  levels  of  horizontal  activity  and  stereotypic 
behavior  that  were  not  statistically  higher  than  those 
recorded  from  sham-irradiated  rats.  Thus,  the  benefits  of 
hippocampal  grafts  observed  during  the  first  test  series 
may  be  interpreted  as  an  accelerated  recovery  of  loco¬ 
motion  rather  than  a  transient  benefit  of  the  hippocampal 
transplants. 

We  demonstrated  previously  how  graft  location  can 
modulate  the  behavior  of  rats  with  hippocampal  dam¬ 
age^.  In  the  current  study  however,  the  horizontal  and 
stereotypic  movements  of  rats  with  transplants  within  the 
hippocampal  formation  was  not  significantly  different 
from  that  observed  in  rats  with  grafts  located  outside  the 
hippocampus. 

Spontaneous  rotation 

We  observed  in  the  present  (see  Fig.  3)  and  previous 
studies^^'*^^  that  radiation-induced  hippocampal  damage 
caused  rats  to  make  long  bouts  of  turns  (without 
reversals)  In  a  plastic  hemisphere.  Once  they  began 
moving,  in  either  direction,  irradiated  rats  perseverated 
in  that  turning  to  an  extent  significantly  greater  than  the 
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Pig.  1.  Lxanipivd  ul  fc4ai  liMtn  (fitmphttib  fvMviing  in  an  aduU  hu>i  brain.  Micru^raph^  un  ihc  fight  rcpru»cnt  a  higher  magntfiv^Uiun  of  the  graft  &ccn 
in  thu  avijavent  5w\.tKin  u>  the  ielt.  Neural  gratb  Irum  the  hippuuinipu5  tin\.luJing  fii^ia  Uentata  gianute  veib/  were  plaeeU  in  the  vlamagcvl  hippoeanipal 
formation  t  A,B>.  Ilie  gianule  eelb  in  the^e  neuronal  grafts  often  exhibitevl  the  laminar  organi^^ition  of  the  Jcniatc  gyms  tA.B.C.D).  On  the  other 
hanJ,  the  veils  m  verehrai  vorte.\  gratis  shuweil  tittle  organi/^ilion  iLJ.O,!!).  Sometimes  noth  hippocampal  tissue  transplants  (C  ,D>  and  eorliuil  grafts 
tC  Jfi  Were  lound  outside  of  thehoM  hippocampal  tormation  m  the  lateral  veniriele  or  eerebiai  eotiex.  Arrows  point  to  the  grafted  tissue.  Calibration 
bars  oti  the  left  micrographs  represent  500 /rm  the  bars  on  the  riglit  micrographs  represent  250 /rm. 


Total  Distance  Traveled  (cm) 
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R/SS  S/SS  R/Hippo  R/Cor  R/SS  S/SS  R/Hippo  R/Cor 


Treatment  Groups 

Fi^.  2.  Mcttn  luial  Ji^Utncc  (in  cm)  (A>  aiiU  number  of  :>tcreut)pic  movements  (B)  cxiiibttcil  b>  rats  during  the  first  behavioral  test 

series.  Irradiated  rai:>  with  faseia  dentala  granule  cell  h)pupiasia  (R.SS  -  irradiated.sham  surgerv)  show  locomotor  hyperactivity  on  these 
measures  as  compared  to  sham  irradiated  subjc«,ts  (S.SS  -  sham  irradiatedshain  surgery).  Ilippoeampal  grafts  significantly  -  T  -  0.05) 
reduce  these  parameters  oi  radiogenic  locomotoi  hyperactivity  to  levels  not  different  from  SiSS  controls.  Variance  indicators  represent  S.L.M.s. 


sham-irradiated  subjects  (/jj  -  4.13,  P  -  0.001,  first 
postoperative  test,  /,7  -  2.76,  P  -  0.007,  second 
postoperative  test).  During  the  first  postoperative  test 
series,  rats  vvith  hippocampal  damage  and  grafts  showed 
a  significant  reduction  in  perseverativc  turning  as  com 
pared  to  irradiated  animals  that  underwent  sham-surgical 
procedures  (/|4  -  2.64,  P  -  0.01).  Grafts  found  to  be 
located  inside  oi  outside  the  hippocampus  produced 
similar  reductions  in  perseverative  turning.  Cortical 
transplants  did  not  statistically  reduce  the  radiation- 
induced  pcrsevciativc  responses  of  our  subjects.  While 
the  persevcrativc  turning  of  rats  with  hippocampal 


6 


in 


Treatment  Groups 

Fig.  y  Mcnn  lurntiig  bout  length  (qtniricr  turns)  of  rats  moving  in 
a  plastic  hemisphere  during  the  hrst  lest  series.  Itradiate‘4  lats  with 
fascia  dentata  granule  ;cll  hypoplasia  and  sham  surgical  treatments 
(R'SS)  pcrscvcralc  in  their  movements  (i.c.  continue  turning  in  the 
same  direction  once  a  movement  is  initiated)  to  nn  extent  stgnifi* 
eanily  greater  -  P  ^  u.u5)  than  sham-irradiaicil  euntrul  atamals 
(S  SS  sham  irradiatcdisham  surgery).  Irradiated  rats  with  hippo 
campal  grafts  (Rdlippo),  but  not  cerebral  cortex  grafts  (R/Cor), 
show  a  significant  aitenuniion  of  perseverative  spontaneous  turning. 
Variance  indicators  represent  S.C.M.s. 


damage  persisted  during  the  final  bchavioial  test,  neither 
hippocampal  nor  cortical  grafts  significantly  reduced 
these  movements. 

Although  rats  with  radiation-induced  hypoplasia  of 
fascia  dentata  granule  cells  show  a  locomotor  hyperac¬ 
tivity  in  the  form  of  increased  horizontal  distances 
traversed  and  enhanced  stereotypic  behaviors,  the  move¬ 
ment  speed  of  these  animals  does  not  generally  c.xcccd 
that  of  sham-irradiated  controls’^.  However,  a  further 
analysis  of  movement  speed in  the  plastic  rotation 
hemispheres  has  revealed  that  our  rats  with  hippocampal 
damage  e.xhibited  a  lower  proportion  of  quarter  turns 
with  durations  of  <  1  s  than  did  our  sham-irradiated 
subjects  (sham-surgery  or  no  surgery  controls)  ((35  = 
-2.47,  P  =  0.01,  for  the  first  postoperative  test  scries; 
and  /35  =  -2.06,  P  =  0.02  for  the  second  postoperative 
test  scries).  In  addition,  during  the  first  test  scries  only, 
the  irradiated  rats  had  a  higher  proportion  of  quarter 
turns  with  durations  of  >  30  s  (/^  =  2.25,  P  =  0.03). 
Thus,  hippocampal  granule  cell  hypoplasia  seems  to 
reduce  the  number  of  very  quick  movements  while  in¬ 
creasing  the  number  of  slow  turning  movements  (Fig.  4). 

Neural  grafts  normalized  somewhat  the  topography  of 
turning  speed  in  our  brain  damaged  animals.  During  the 
first  lest  scries,  irradiated  rats  with  cither  hippocampal  or 
cerebral  cortex  transplants  exhibited  significantly  more 
rapid  (  -  1  &)  quarter  turns  than  did  rats  with  similar  brain 
damage  but  no  transplants  (i.c.  sham  surgery  or  no 
surgery)  {(24  =  -2.02,  P  =  -0.027  and  =  1.84,  P  = 
0.038,  respectively)  (Fig.  4),  The  proportion  of  these 
rapid  quarter  turns  in  irradiated  rats  with  hippocampal 
transplants  was  not  significantly  different  from  those 
oKserved  in  sham-irradiated  control  subjects.  Neither 
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hippocampal  nor  cortical  grafti>  significant!)  altered  the 
reduced  rapid  turning  observed  during  the  second  test 
series  in  rats  with  fascia  dentata  granule  cell  h)poplasia. 
Similarly,  during  the  first  test  series  only,  the  long 
quarter  turns  (i  c  '  30  s)  exhibited  in  greater  number  b> 
rats  with  fascia  dentata  damage  were  significant!)  re¬ 
duced  in  rats  with  either  hippocampal  grafts  (/24  =  2.19, 
P  =  0.02)  or  cerebral  cortex  grafts  (/26  =  2.58,  P  =  O.Ol). 
These  data  suggest  that  neural  grafts  are  capable  of 
producing  transient  reductions  in  the  effects  of  hippo¬ 
campal  granule  cell  hypoplasia  on  turning  speed. 

Passive  avoidance 

Our  previous  experience  with  rats  having  hypoplasia  of 
fascia  dentata  granule  cells  revealed  that  these  subjects 
had  deficits  in  the  performance  of  a  passive  avoidance 
ja5k2f»  27  2x  Irradiated  rats  tended  to  move  out  of  a  safe 
area  into  a  compartment  where  they  had  once  been 
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R/SSfN  S/SSHi  R/Hippo  R/Cor 


R/SSfN  S/SS+N  R/HIppo  R/Cor 
Treatment  Groups 


fig.  4.  Mc«m  pcKcnt  of  qu.iricr  turns  recorded  (during  the  first  test 
series)  in  the  rL>tativ<n  app.u.itu^  that  arw  either  :»hurt  v  I  (A)  or 
long  C  >  3t)  s)  (B)  durations  Rats  with  fascia  dentata  hypoplasia 
(R.^SS*^-N  =  Irradintcd/no  surgery  or  sham  surgery  controls)  c.xhibii 
fewer  quarter  turns  of  ^hurt  duration  and  mure  quarter  turns  ol  long 
duration  thtin  sham  irradiated  control  rats  (S/SStN  «  sham 
irradiatcdKham  surgery  or  no  surgery  controls).  Mippocampat 
(R/Flipp)  or  cerebral  cortex  (R/Cor)  transplants  significantly  (*  a  P 
.  0.05)  attenuate  these  behavioral  changes  m  irradiated  rats. 
Variance  indicators  represent  S.C.M.s. 


bhocked  more  quickly  than  did  sham-irradiated  controls. 
During  the  first  postoperative  behavioral  test  series, 
irradiated  subjects  in  the  current  study  also  tended  to 
take  more  trials  (mean  19.0  ±  1  S.E.M.)  to  meet  the 
established  learning  criterion  (see  Materials  and  Methods 
section)  than  did  sham-irradiated  rats  (mean  =  16.8  ± 
1.3  S.E.M.).  However,  the  difference  between  these 
groups  was  not  statistically  significant  (F  >  0.05). 

Nevertheless,  irradiated  rats  with  hippocampal  trans¬ 
plants  learned  the  passive  avoidance  task  more  readily 
(mean  trials  to  criterion  =  13.7  ±1.7  S.E.M.)  than  did 
the  rats  with  fascia  dentata  damage  that  undenvent  sham 
surgery  (f,4  =  -2.45,  P  =  0.01).  Irradiated  subjects  with 
cortical  grafts  also  showed  a  tendency  towards  improved 
passive  avoidance  performance  (mean  trials  to  criterion 
15.7  ±1.5  S.E.M.)  but  this  was  not  a  statistically 
significant  effect.  These  effects  of  transplants  were  not 
observed  during  the  second  postoperative  test. 

DISCUSSION 

In  this  study  measures  of  spontaneous  locomotor 
hyperactivity,  perseveration  and  turning  speed  reliably 
accompanied  X-ray  induced  hippocampal  damage.  Inde¬ 
pendent  of  their  final  location  in  the  host  brain,  hippo¬ 
campal  tissue  transplants  caused  significant  improve¬ 
ments  in  these  behavioral  aberrations.  Most  of  these 
graft-induced  benefits  were  transient,  however,  since 
they  were  confined  to  the  first  test  series.  Transplant 
tissue  homologous  with  that  damaged  by  the  X-rays  (i.c. 
hippocampal  granule  cells)  was  consistently  effective  in 
reducing  behavioral  deficits  whereas  non-homologous 
tissue  from  cerebral  cortex  only  reduced  aberrations  in 
certain  components  of  turning  speed. 

These  data  are  consistent  with  previous  reports  show¬ 
ing  that  animals  with  homologous  tissue  grafts  frequently 
exhibit  postlesion  behavioral  recovery  superior  to  that 
observed  after  non-homologous  brain  tissue  trans- 
plants*"^.  Woodruff  ci  al/''  report,  for  example,  that  rats 
with  hippocampal  tissue  grafts  transplanted  into  a  hip¬ 
pocampal  lesion  site,  performed  better  on  an  operant 
task  requiring  slow  response  rates  than  did  subjects 
receiving  non-homologous  grafts  of  fetal  hindbrain  tissue. 
Reports  also  indicate  that  a  neural  graft  survives  best 
when  transplanted  into  its  corresponding  region  of  origin 
in  the  liost  brain***.  However,  it  must  be  noted  that 
funetiunal  benefits  of  nun-homologous  neural  grafts  have 
also  been  observed^**'^'^.  These  data  suggest  that  there 
may  be  some  gradient  of  homology  that  modulates  the 
functional  recovery  offered  by  neural  grafts^**. 

The  anatomical  source  of  transplanted  neurons  influ¬ 
enced  our  various  performance  measures  in  different 
ways.  Unlike  other  radiation-induced  behavioral  changes 
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that  benefited  onl>  from  the  grafting  of  hippoeampal 
tibbue,  aberrationb  of  turning  bpeed  were  attenuated  b> 
tranbplantb  from  either  fabeia  dentata  or  cerebral  cortex. 
One  pobsiblc  explanation  for  thib  finding  ib  that  the 
hippocampub  doeb  not  pla>  a  bignificant  or  exclubive  role 
in  the  <idjublment  of  movement  bpeed.  In  general  ihib 
ma)  be  true.  Little  change  in  the  overall  bpeed  of 
movementb  accompanieb  hippocampal  damage Except 
for  ver>  rapid  (-lb)  and  ver)  blow  30  b)  movementb, 
the  percent  of  other  turning  movement  bpeedb  remainb 
intaU  following  fascia  dentata  granule  cell  h>poplabia 
(bee  current  data  and  ref.  14).  Contrar>  to  thib  hypolh 
ebib,  however,  we  report  here  that  the  degree  of  fascia 
dentata  h>poplabia  is  well  correlated  with  the  percent  of 
rapid  turns  in  our  bowl  apparatus  (sec  Table  III).  These 
data  suggest  a  stronger  relationship  between  hippo¬ 
campal  damage  and  movcmcni  s^eed  than  was  prcvnjusl) 
appreciated. 

Data  from  the  curreril  blud>  cannot  fuil>  explain  wh> 
there  are  selective  behavioral  benefits  of  neural  grafts 
derived  from  different  sources  in  the  central  nervous 
system.  Putative  mechanisms  for  the  functional  benefits 
of  neural  transplants  have  taken  man)  forms.  Grafts  nia) 
provide.  (1)  new  neural  interconnections,  (2)  normaliza¬ 
tion  of  available  neurotransmilters,  (3)  stimulation  of 
trophic  factors  (c.g.  nerve  growth  factor),  and. or  (4) 
replacement  of  glia  that  mav  offer  structural  support  for 
neuronal  growth,  metabolism  of  excitotoxins  or  other 
functions^ ‘*  "**^*.  It  ma>  be  the  case  that  either  hippo¬ 
campal  or  cerebral  cortex  grafts  can  provide  a  particular 
rearrangement  of  physiological  or  neuroanatomical  fac¬ 
tors  that  results  in  the  normalization  of  radiation-induced 
aberrations  in  turning  speed  topography,  whereas,  unh 
hippotampal  tissue  provides  the  particular  pattern  of 
factors  that  is  sufficient  to  reduce  perseverative  move 
mentb.  These  hypotheses  await  empirical  testing. 

The  reliability  of  the  anatomical  and  behavioral 
changes  following  our  X-irradiation  procedure^  ^ 
suggests  some  of  the  advantages  of  this  technique.  .Still, 
We  do  not  fully  understand  the  physiological  chfinge.s  that 
accompany  the  use  of  X-rays  to  produce  selective 
hypoplasia  of  fascia  dentata  granule  cells  and  how  these 
changes  may  alter  graft  grovvtii  and  functionality,  for 
example,  no  data  are  currently  available  regarding  the 
levels  and  kinetics  of  neurotrophic  factors  present  in 
X  irradiated  neonatal  brain  tissues.  Thus,  wc  do  not 
know  the  extent  to  which  NGf  (or  other  factors  known 
to  facilitate  transplant  growth*')  enhanced  the  behavioral 
benefits  reported  here.  On  the  other  hand,  we  know  with 
some  certainty  that  the  prompt  transplantation  of  neural 
tissuc.s  following  hippvicampal  X  irradiation  placc.s  rela 
lively  few  morphological  constraints  on  the  growth 
pattern  vif  the  transplanted  neurons’  *.  Zimmer  et  al.^^^"* 


have  described  the  compensatory  interconnections 
formed  by  entorhinal  cortical  neurons  that  project  to  a 
dentate  gyrus  with  a  reduced  population  of  granule  cells. 
By  shortening  the  time  in  which  reactive  host  cell  growth 
can  occur,  more  space  is  allowed  for  transplanted 
neurons'*^’.  Conversely,  there  is  less  room  for  graft/host 
reinnervation  when  long  latencies  separate  brain  damage 
and  transplantatiim  procedures.  By  discovering  more 
about  the  timing  of  X-ray  induced  neurotrophic  factor 
release  and  b^  manipulating  the  time  between  the 
production  of  granule  cell  hypoplasia  and  neural  trans¬ 
plantation  (and  thereby  manipulating  the  expected  neural 
interconnections  possible)  it  may  be  possible  to  validate 
some  of  the  postulated  mechanisms  of  graft-induced 
functional  recovery  listed  above. 

The  results  of  the  current  study  contrast  in  several  ways 
with  our  previous  work  in  which  rats  with  fascia  dentata 
granule  cell  hypoplasia  received  grafts  as  young  adults 
(182  ±  4  days,  i.c.  5  months  after  brain  injury )^^.  In 
these  initial  experiments,  demonstration  of  behavioral 
recovery  was  t<isk-dcpendent  and  more  strongly  influ¬ 
enced  by  the  final  location  of  the  transplanted  tissue  in 
host  brain  (i.c.  in  or  out  of  the  hippocampus).  Trans¬ 
plant-induced  recovery  of  function  was  sometimes  not 
observed  until  late  in  the  study  (mean  age  -  351  days). 
Further,  if  cortical  tissue  grafts  were  found  to  be  located 
outside  the  hippocampus,  they  frequently  produced 
behavioral  benefits  comparable  to  those  following  the 
grafting  of  homologous  hippocampal  tissue. 

These  data  arc  distinct  from  those  that  characterize 
rats  transplanted  just  16  days  after  radiogenic  hippo¬ 
campal  damage.  Here  graft  location  in  the  host  brain  did 
not  influence  the  behavioral  outcomes  wc  recorded. 
Moreover,  there  was  a  reraarkable  degree  of  uniformity 
in  the  timing  of  the  behavioral  recovery  (all  occurring 
during  the  first  lest  scries,  average  age  113  ±  2  days)  and 
the  ability  of  hippocampal  tissue  transplants  to  produce 
this  recovery.  These  findings  suggest  that  the  placement 
of  grafts  soon  after  the  initial  brain  damage  results  in 
more  consistent  and  predictable  (albeit  transient)  behav¬ 
ioral  recovery.  Similarly,  Kolb  ct  al.‘^  and  Dunneit  ct 
al.’^  have  reported  quite  different  behavioral  effects  of 
cortical  grafts  at  different  postoperative  recovery  times. 
The  waxing  and  waning  of  behavioral  recovery  in  our 
animals  undoubtedly  reflects  a  complicated  process  that 
includes  the  kinetics  of  graft  growth  and  the  compensa¬ 
tory  changes  that  occur  in  the  damaged  hippocampus 
over  lime. 

It  should  be  noted,  however,  that  several  procedural 
differences  (in  addition  to  the  reduced  interval  between 
fascia  dentata  granule  cell  hypoplasia  and  grafting) 
distinguish  the  present  study  from  our  previous  wurk^**. 
By  necessity,  we  could  nut  perform  a  behavioral  baseline 
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on  the  )uung  atunialh  ubcd  here.  Thub*  the  firbt  pobtop- 
erative  tcbt  refleelb  naive  perform  a  nee  on  the  part  of 
thebe  bubjeetb.  Thib  eontrabtb  with  our  former  experiment 
in  which  the  fiibt  pobtoperative  behavioral  lebt  vvab  reall> 
the  becoiul  behavioral  obbervation  performed  (i.e.  it 
followed  a  preoperative  babelme  meabure).  experimental 
factorb  bueh  ab  the  timing  of  postoperative  training, 
testing  and  handling  have  been  shown  to  influence 
recover)  from  lesions  of  the  hippocampus'**  and  entorhi- 
nal  cortex^^.  Despite  the  fact  that  the  postoperative 
behavioral  tests  were  conducted  at  approximate!)  the 
same  time  following  transplantation. sham  surger)  in  both 
of  our  experiments,  b)  neeessit),  the  ages  of  the  subjects 
in  the  2  experiments  were  different.  In  our  initial  stud), 
postoperative  behavioral'tests  were  conducted  at  ages  265 
±  5  (S.E.M)  and  351  ±  6.days.  See  Table  I  for  the  timing 
of  the  behavioral  tests  m  the  present  experiments.  Of 
course,  age  at  time  of  surgery  also  covaried  with  the 
procedural  change  from  our  previous  experiment  that 
reduced  the  interval  between  the  end  of  irradiation  and 
the  placement  of  neural  grafts.  These  procedural  differ¬ 
ences  in  testing,  age  at  test  and  age  at  surgery  may  have 
contributed  to  the  behavioral  disparities  ob.served  be 
tween  the  animals  in  our  2  studies. 

In  addition,  it  may  be  the  case  that  different  mecha¬ 
nisms  of  recover)  are  at  work  in  animals  that  receive 
grafts  at  different  stages  of  development.  The  organiza¬ 
tion  and  milieu  of  the  preadolescent  brain  arc  quite 
different  from  that  of  the  adult'**.  The  enhanced  plas- 
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Abstract  Free  radicals  have  been  implicated  in  a  number  of  pathological  conditions.  To  evaluate  the 
neurophysiological  consequences  of  free  radical  exposure,  slices  of  hippocampus  isolated  from  guinea-pigs 
were  exposed  to  hydrogen  peroxide  which  reacts  with  tissue  iron  to  generate  hydroxyl  free  radicals. 
Long-term  potentiation,  a  sustained  increase  in  synaptic  responses,  was  elicited  in  field  CAl  by  high 
frequency  stimulation  of  an  alTcrcnl  pathway.  We  found  that  0.002%  peroxide  did  not  directly  affect  the 
responses  evoked  by  stimulation  of  the  afferent  pathway  but  did  prevent  maintenance  of  long-term 
potentiation.  Short-term  potentiation  and  paired-pulse  facilitation  were  not  affected  by  peroxide 
treatment.  Peroxide  was  less  effective  if  removed  following  high  frequency  stimulation  and  W’as  ineffective 
if  applied  only  after  high  frequency  stimulation.  InpuLoutput  analysis  showed  that  the  increase  in  synaptic 
efficacy  was  reduced  with  peroxide  treatment.  Changes  in  the  enhanced  ability  of  the  synaptic  potential 
to  generate  a  spike  w'cre  less  apparent. 

These  data  show  that  the  interference  of  free  radicals  with  long-term  potentiation  may  contribute  to 
pathological  deficits.  It  is  possible  that  intracellular  calcium  regulation  is  disrupted  by  peroxide  treatment. 
A  number  of  second  messenger  systems  involved  with  long-term  potentiation  arc  potential  targets  for  free 


radical  attack. 


Long-term  potentiation  (LTP)  is  a  persistent  increase 
in  monosynaptic  efUcacy  following  a  high  frequency 
train.  Because  the  potentiation  can  last  for  hours  or 
even  days  in  t/tw,'*  this  clectrophysiological  phenom¬ 
enon  has  been  considered  to  be  a  correlate  of  memory 
and  learning.  The  biochemical  changes  that  underlie 
LTP  arc  complex,  possibly  involving  a  number  of 
second  messenger  systems.*'-^'-’^-'- 

Free  radicals  and  active  oxygen  compounds 
{c.g.  peroxide,  superoxide  and  hydroxyl  radicals)  arc 
normally  generated  with  cellular  metabolism  but 
arc  well  controlled  by  intrinsic  cn2ymc  systems 
and  antioxidants.’^'*^*'  Under  certain  pathological 
conditions,  this  delicate  balance  can  be  disrupted. 
Free  radicals  arc  thought  to  contribute  to  a  number 
of  diseases  such  as  ischende  injury,  aluminum 
toxicity,  Alzheimer’s  disease  and  Down's  syn- 
drome, all  of  which  affect  cognitive  pro¬ 
cesses. 

Previous  studies  have  shown  that  free  radicals 
can  interfere  with  neuronal  cicctrophysiology.*’  ^ 
Hydroxyl  radicals  can  be  generated  in  vitro 
through  the  Fenton  reaction;  peroxide  reacts  with 
iron  intrinsic  to  the  tissue  to  produce  this  very 
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reactive  free  radical.  Hydroxyl  radicals  attack 
membrane  lipids  and  cellular  protein:),  which  dis¬ 
rupts  cell  function.  Exposure  of  a  hippocampal 
slice  to  peroxide  (^0.005%)  decreases  synaptic 
responses,  decreases  orthodromic  spike  generation*’ 
and  increases  spike  frequency  adaptation.*’  Free  rad¬ 
ical  scavengers  (dimcihylsulfoxidc,  Trolox-C)  and  an 
iron  chelator  (deferoxamine)  prevent  most  of  the 
peroxide  damage,”  suggesting  that  hydroxyl  radicals, 
and  not  the  peroxide  itself,  arc  the  reactive  oxygen 
species.  Colton  ci  aL^  used  a  similar  model  and  found 
that  peroxide  reduced  the  potentiation  occurring 
15  min  after  high  frequency  stimulation. 

This  paper  examines  the  actions  of  free  radicals 
on  LTP. 

EXPERlMRiNTAL  PROCEDURES 

Male  Hartley  (Harlan  Spraguc-Dawlcy,  Inc.,  Indiana¬ 
polis.  IN)  guinea-pigs  (250*300  g)  were  anesthetized  with 
isolluranc  and  euthanized  by  ccrvical  dislocation.  The  brain 
was  removed  and  chilled  by  submersion  in  ice  cold  artificial 
cerebrospinal  fluid  {aCSF:NaCI  124  mM,  KCl  3  mM,  CaClj 
2.4  mM,  MgS04  1.3  mM,  K^PO^  1.24,  NallCO,  26mM, 
glucose  10  mM,  equilibrated  with  95%  0,;5%  CO.).  I  lippo- 
campi  were  dissected  out,  sliced  on  a  McIIwain  tissue 
chopper  to  a  nominal  thickness  of4I5/im  and  incubated  in 
a  holding  chamber  at  room  temperature  for  at  least  90  min. 

Peroxide  .solutions  were  made  fresh  daily  from  50% 
concentrate  (Fisher).  Most  experiments  used  a  peroxide 
concentration  of  0.002%  (720  pM).  Previous  studies^’  ”  on 
hippocampal  slices  used  concentrations  between  0.005% 
(1.8  mM)  and  0.01%  (3.6  mM).  The  0.002%  concentration 
was  chosen  for  the  present  .study  because  at  this  level 
peroxide  had  no  direct  effects  on  clectrophysiological  poten¬ 
tials  in  the  brain  slice.  These  concentrations  of  peroxide 
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arc  comparable  to  those  used  as  a  model  of  free  radical 
damage  to  clcctrophsstological  exents  in  cardiac  tissue 
(lOO/iM-IOniM).'"” 

Tor  clectrophysiological  recording,  a  slice  uas  placed  in 
a  laminar  floiv  submersion  chamber  (Zbicz  design)^  and 
perfused  vxith  aCSf  at  30  C  A  bipolar  stimulating  electrode 
xxas  positioned  in  the  stratum  radiatum  of  field  CAI  to 
stimulate  afferent  patlma>s.  Glass  microeleclrodcs  (2N 
NaCl)  were  placed  in  thes.  radiatum  of  Held  CAI  to  record 
the  afferent  volley  and  the  population  postsynaptic  poten¬ 
tial  (population  PSP)  and  in  the  s.  pyramidalc  to  record 
the  population  spike.  The  magnitude  of  the  population 
spike  uas  calculated  from  the  mean  of  the  early  and  late 
positivities  minus  the  maximal  negativity.  The  population 
PSP  was  quantified  from  the  maximum  negative  slope 
early  in  the  synaptic  response.  Signals  from  the  micro- 
clcctrodcs  were  recorded  with  WP!  high  gain  d.c.  amplifiers 
and  then  digitized,  stored  and  anaixsed  on  an  LSI  11.23 
minicomputer. 

For  30  min.  baseline  recordings  were  made  to  ensure 
stability  of  the  tissue.  If  the  recordings  deviated  substantially 
from  the  initial  \alucs  or  developed  sccondarv  population 
spikes,  the  experiment  was  terminated.  The  slice  was  stimu¬ 
lated  (0.2  Hz)  at  an  intensity  sullicicnt  to  produce  a  half 
maximal  response.  Averages  of  four  responses  were  stored 
at  5-mtn  intervals. 

in  most  expenments.  perfusion  of  pcroxiuc  w-as  started 
after  this  equilibration  period  and  continued  for  the  dur¬ 
ation  of  the  experiment.  After  30  min.  a  high  frequency 
‘stimulus  (HFS:  100 Hz.  Is)  w-as  delivered  at  the  half 
maximal  stimulus  amplitude.  Following  HFS,  data  collec¬ 
tion  continued  for  another  60  min.  In  most  expenments. 
data  continued  to  be  stored  every  5  mm.  In  c.\pcrimcnis  used 
for  the  exponential  curve  fitting,  data  w^rc  collected  more 
frequently  and  w*crc  not  averaged,  in  order  to  allow  accurate 
rcprcsc.itation  of  the  time  course.  In  some  'ments.  the 
perfusion  of  peroxide  was  either  dehyed  u  >vv  HFS 
or  terminated  immediately  after  HFS.  Some  slices  vvxrc 
untreated  (i.c.  never  exposed  to  peroxide),  in  control  exper¬ 
iments.  no  HFS  w’as  delivered  and  the  actions  of  peroxide 
alone  were  follovv*cd.  The  liming  of  the  experiments  wus 
identical  in  all  other  respects.  In  two  of  the  78  slices.  HFS 
failed  to  cause  even  short-term  potentiation  (STP:  i.c. 
potentiation  that  develops  immediately  and  decays  vsithin 
15  min),  these  two  c.xpcrimcnls  were  not  includ^  in  the 
analysis. 

Inpuii'output  (I/O)  curves  were  generated  before  and  after 
HFS  in  peroxide-treated  and  untreated  slices  using  a  range 
of  stimulus  intensities  (0.0-0.5mA,  200 /is).  Three  rela¬ 
tionships  were  c.\amincd  using  the  averages  from  eight 
experiments,  population  spike  \saiTcrcnt  volley,  population 
PSP  vs  alTcrcnt  volley  and  population  spike  vs  popu¬ 
lation  PSP.  The  third  relationship  (population  spike  vs 
population  PSP)  wus  also  cv-aluntcd  for  each  individual 
experiment.  I/O  curves  were  generated  30  min  pnor  to  HFS 
and  60  min  following  HFS.  The  timing  was  designed  to 
prevent  any  iiillucncc  of  STP,  sometimes  produced  by 
generating  the  I/O  curve,  on  the  LTP  evoked  by  HFS.  Since 
the  pre-HFS  time- point  coincided  with  the  application  of 
peroxide,  the  peroxide  concentration  w*as  not  at  its  peak. 
This  IS  not  a  concern  since  peroxide  at  the  concentration 
used  docs  not  change  the  I/O  cur\cs  (data  not  shown).  D.ita 
for  the  I/O  curves  vv’crc  analy'sed  as  previously  described.^ 
In  bnef.  best-fit  sigmoid  curv'cs  were  determined  for  both 
pre-  and  posi-HFS  data.  For  each  curxe.  a  parameter  was 
computed  from  the  maximal  y  -value  divided  by  the  a -value 
at  half  maximal  %,  Changes  in  this  parameter  have  been 
cITcciivc  in  evaluating  change  in  I/O  curves. 

Paired-pulse  raci!it.iiion  was  studied  by  using  two  identi¬ 
cal  stimuli  (200 /IS)  separated  by  intervals  from  |0  to 
200  ms.  The  stimulus  strength  was  adjusted  to  produce 
approximately  a  half  maximal  popuLition  spike.  Amplitude 
of  the  second  population  spike  was  express^  as  a  percent¬ 


age  of  the  first  population  spike,  facilitation  was  evaluated 
in  normal  aCSf  and  30  mm  after  perfusion  with  0.01% 
peroxide. 

Data  are  expressed  as  mean  values  +  standard  errors. 
Student's  I 'test  was  used  for  comparisons  of  two  predeter¬ 
mined  sets  of  data.  Analysis  of  variance  was  used  to  evaluate 
differences  among  more  than  two  treatment  groups,  for  all 
statistical  analyses,  a  probability  level  of  P  <.  0.05  vvus 
considered  to  reflect  significance. 


RESULTS 

Peroxide  at  a  concentration  of  0.002%  had  no 
direct  cfTect  on  the  amplitude  of  the  population  spike, 
even  after  a  90  min  exposure  (Fig.  I)  (/i  ^  4).  Yet,  this 
concentnuion  of  peroxide  significantly  impaired  the 
ability  of  HFS  to  produce  LTP.  In  untreated  slices 
{it  =  17),  HFS  caused  an  immediate  increase  in  the 
population  spike  to  285  i  14®  o  of  control  amplitude. 
Within  15  min,  this  amplitude  fell  to  238  ±  13%  of 
control  and  sustained  that  level  for  the  remainder  of 
the  experiment.  All  17  slices  showed  potentiation  of 
at  least  130%  of  control  60  min  following  HFS.  In 
slices  treated  with  peroxide  («  -  16),  there  was  also 
an  early  enhancement  of  the  amplitude  (270  +  I5®o) 
which  w'as  not  significantly  dilTcrcni  from  poten¬ 
tiation  in  untreated  slices  (/-test,  P  >  0.05).  In  con¬ 
trast  to  untreated  tissue,  however,  by  30  min  the 
amplitude  was  only  I85x  I3®o  and  by  60  min  «inly 
124  i  14%.  The  amplitude  of  population  spi.\cs  in 
peroxide-treated  slices  did  not  establish  a  plateau 
but  slowly  fell  throughout  the  measurement  period 
(Fig.  I  A).  Only  five  of  16  slices  showed  population 
spike  amplitudes  of  130%  of  control  or  greater  at 
60  min  posi-HFS.  At  60  min  posi-HFS,  the  popu¬ 
lation  spike  amplitudes  of  treated  and  untreated  slices 
were  significantly  different  from  one  another  (/-lest. 
P  <0.05).  The  inset  in  Fig.  I A  shows  sample  traces 
from  treated  and  untreated  slices.  The  population 
spike  in  untreated  slices  show’cd  a  substantial  increase 
in  amplitude  that  w’as  sustained  for  60  min.  Poten¬ 
tiation  was  not  sustained  in  peroxide-treated  slices 
and  the  population  spikes  before  and  60  min  after 
HFS  arc  nearly  the  same  size. 

A  similar  pattern  was  evident  with  the  population 
PSP  (Fig.  IB).  In  untreated  slices  the  magnitude  of 
the  early  slope  of  the  population  PSP  was  increased 
to  284  ±  26%  of  control  with  a  decline  to  203  ±  20®'o 
of  control  within  about  1 5  min.  Tlic  increase  was 
sustained  for  the  remainder  of  the  experiment 
(202  i  28%  at  60  min  post-HFS).  At  60  min  after 
HFS,  in  13  of  17  slices  the  population  PSP  w^as  at 
least  130%  of  control  amplitude.  Sample  traces 
before  and  60  min  foilowing  HFS  in  untreated  slices 
show  a  sustained  enhancement  of  the  synaptic 
response.  Treatment  with  G.002®o  peroxide  prevented 
the  maintained  increase  in  the  PSP.  By  60  min  post- 
HFS  the  population  PSP  was  nearly  the  same  as 
during  the  control  period.  The  iniiial  increase  w*as 
261  i30®o  and  declined  to  129  jt  I7®«  after  60  min. 
Only  five  of  16  slices  showed  population  PSPs  that 
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Fig.  L  Hydrogen  peroxide  (0.002%)  prevents  the  mainten¬ 
ance  of  LTP.  (A)  Amplitude  of  population  spike  expressed 
as  percentage  of  control  plotted  vs  time.  Error  bars  show 
standard  error  of  the  mean  for  each  time  point.  Open  circles, 
population  spike  in  tissue  treated  with  peroxide  but  not 
stimulated  with  HFS  («  =4).  Open  squares:  peroxide  pre¬ 
sent,  HFS  applied  at  30  mm  time  point  (/i  =  16).  Closed 
circles,  untreated  tissue,  HFS  at  t  =  30  min  («  =  17).  Insets 
show  sample  traces  from  individual  experiments.  Light  trace 
is  from  before  HFS  while  bold  tr,icc  occurred  60  min  after 
HFS  (t  =90  min).  Calibration:  1  mV,  2  ms.  (B)  Changes  in 
population  PSP  with  time.  Symbols  same  as  in  A.  Insets 
show  sample  population  PSPs  from  same  experiments  as  in 
A.  light  trace  from  before  HFS,  bold  trace  from  60  min 
post-HFS.  Same  calibration  as  in  A. 

were  at  least  130%  of  control.  Sample  traces  show 
very  little  difference  between  synaptic  responses 
recorded  prior  to  HFS  and  responses  60  min  follow¬ 
ing  HFS  in  peroxide-treated  slices.  At  60  min  post- 
HFS,  treated  and  untreated  population  PSPs  were 
statistically  different  from  one  another  (/-test, 

<0.05). 

A  higher  concentration  of  peroxide  (0.005%)  was 
tested  with  HFS  on  three  slices.  As  previously 
observed,^’  this  concentration  had  a  direct  effect  to 
decrease  both  the  synaptic  response  and  the  popu¬ 
lation  spike.  HFS  elicited  early  potentiation  of  both 
population  spike  amplitude  and  population  PSP 
slope.  Within  about  30  min,  however,  the  responses 
were  back  to  control  level  and  continued  to  decline. 
Population  spike  potentiation  fell  to  only  105  ±  28% 
of  control  within  30  min.  At  45  min  post-HFS,  the 
average  population  spike  was  58  4  3‘V'o  of  control. 
The  synaptic  response  was  similarly  icduccd  very 
quickly. 

Paired-pulse  facilitation  was  evaluated  with  0.01% 
peroxide  (n  =  3;  data  not  shown).  Facilitation  was 


maximal  at  an  interstimulus  interval  of  30  ms, 
302  ±50%  in  untreated  slices  and  297  ±28%  in 
peroxide-treated  slices.  In  agreement  with  Colton 
et  aLy^  facilitation  was  unaffected  by  peroxide  at 
all  interstimulus  intervals  tested  (10-200  ms). 

Peroxide  might  prevent  LTP  by  intcrfcrnii  with  its 
induction  or  its  expression.  To  disting*  .  i  oetween 
these  possibilities,  peroxide  was  applied  different 
times  during  the  process.  Table  1  illustrates  the 
change  in  population  spike  60  min  after  HFS  with 
four  experimental  treatments:  (1)  untreated  («  =  17), 
(2)  treated  with  peroxide  throughout  the  experimen¬ 
tal  period  (n  =  16),  (3)  treated  with  peroxide  before 
and  up  to  10  min  after  HFS  (/i  =  16)  and  (4)  treated 
with  peroxide  only  after  HFS  (5-60  min  post-HFS; 
n  =  9).  Analysis  of  variance  showed  that  potentiation 
in  slices  treated  with  peroxide  throughout  (treat¬ 
ment  2)  was  significantly  less  than  in  untreated  slices 
(treatment  1,  P  <  0.05).  When  peroxide  was  removed 
after  HFS  (treatment  3),  population  spike  amplitude 
was  not  maintained  at  the  level  of  untreated  slices  but 
decayed  more  slowly  than  in  slices  with  continued 
exposure  to  peroxide  (treatment  2);  potentiation  was 
not  statistically  different  from  that  in  either  of  the 
first  two  treatments.  When  peroxide  was  applied  only 
after  HFS  (treatment  4),  potentiation  of  the  popu¬ 
lation  spike  was  sustained  as  in  untreated  slices. 
Analysis  of  synaptic  potentials  at  60  mm  post-HFS 
showed  a  similar  pattern  (data  not  shown):  per¬ 
oxide  following  HFS  was  ineffective  while  peroxide 
removed  after  HFS  was  only  partly  effective  in 
reducing  LTP. 

In  the  previous  series  of  experiments,  the  poten¬ 
tiation  following  HFS  was  evaluated  at  only  one 
stimulus  intensity,  kept  constant  throughout  the 
experiment.  In  an  effort  to  evaluate  the  change 
in  the  response  to  a  range  of  stimulus  strengths, 
I/O  curves  were  generated  30  min  prior  to  HFS 
and  60  min  after  HFS.  As  seen  in  Fig,  2,  in  untreated 
slices  (it  =  8),  HFS  increased  the  ability  of  the  afferent 
volley  to  elicit  a  population  spike  throughout  the 


Table  1.  Timing  of  peroxide  application  affects  amount  of 
potentiation  resulting  from  high  frequency  stimulation 


Treatment 

Percentage  increase  in 
population  spike  (±S.E.M.) 

(1)  Untreated 

137.5  ±  14.5 

(2)  Peroxide  throughout 

(3)  Peroxide  before  and 

24.0  ±  13.6* 

during  HFS 

85.5  ±  16.8 

(4)  Peroxide  after  HFS 

I36.I  ±  16.4 

Measurements  show  percentage  increase  in  population  spike 
60  min  after  HFS  compared  to  control.  The  population 
spike  from  untreated  tissue  shows  significant  poten¬ 
tiation.  Treatment  with  peroxide  (0.002%)  through¬ 
out  the  experiment  prevented  sustained^  potentiation. 
^Analysis  of  variance,  P  <  0.05.  Application  of  peroxide 
before  and  during  HFS  but  washed  out  within  5  min 
prevented  some  but  not  all  potentiation  (P  <  0.05). 
Application  of  peroxide  only  after  HFS  did  not  affect 
potentiation  (P  <  0.05). 


356 


T.  C.  Phllmar  c/  al. 


Untreated  Peroxide 


Volley  (mV)  Volley  (mV) 


Fig.  2.  I/O  curves  obtained  from  tissue  treated  with  0.002%  peroxide  (n  =  8,  right)  and  untreated  (/i  =  8, 
left)  Curves  obtained  30  min  prior  to  HFS  (open  squares)  and  60  min  after  HFS  (closed  circles)  in  both 
conditions  (A)  Plot  of  population  spike  vs  volley  shows  significant  enhancement  of  population  spike 
following  HFS  in  untreated  tissue  which  Is  not  evident  in  peroxide-treated  tissue.  (B)  Plot  of  population 
PSP  vs  volley  shows  enhancement  of  synaptic  response  in  untreated  tissue  which  is  less  dramatic  with 
peroxide  treatment.  (C)  Plot  of  population  spike  vs  population  PSP  shows  only  minimal  changes  in  E/S 
coupling  both  in  treated  and  untreated  tissue. 


range  of  stimulus  intensities  (166  ±9%).  In  tissue 
treated  with  0.002°  o  peroxide  {n  =8),  this  enhance¬ 
ment  is  greatly  reduced  (112  +  7%).  HFS  also  in¬ 
creased  the  ability  of  the  afTcrent  volley  to  evoke  a 
synaptic  potential  in  untreated  slices  (134+13%) 
(Fig  2B).  Peroxide  decreased  this  potentiation 
(105  i.  11%)  (Fig.  2B).  The  third  set  of  graphs  (plot 
of  population  spike  vs  population  PSP)  provides  an 
indication  of  the  ability  of  the  synaptic  potential  to 
evoke  a  spike,  also  called  E/S  coupling.  Other 
authors’^'’  have  shown  that  E/S  coupling  is  some¬ 
times  enhanced  with  LTP.  Andersen  et  alJ  reported 
that  only  50°o  of  their  slices  showed  this  phenom¬ 
enon.  In  the  present  experiment,  there  was  no  obvi¬ 


ous  change  in  this  relationship  following  LTP  m  the 
average  response  of  eight  untreated  slices  (109  +  5%), 
yet  four  of  eight  of  these  slices  did  show  enhanced  E/S 
coupling  (i.c.  greater  than  20%  increase)  in  agree¬ 
ment  with  Andersen  et  al?  In  peroxide-treated  slices, 
there  is  also  no  E/S  enhancement  in  the  averaged 
curves  (94  +  4%)  and  only  two  of  eight  treated  slices 
showed  enhancement. 

Potentiation  following  HFS  can  be  resolved  into 
components  by  evaluating  the  time-  constants  of 
decay  of  the  response  back  to  baseline.^'*  In  each  of 
the  eight  treated  and  eight  untreated  slices  in  the 
experiment  above,  data  at  additional  time  points 
were  collected  to  provide  a  more  accurate  represen- 
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Fig.  3.  Curves  describing  the  sum  of  two  exponential 
processes  were  fitted  to  the  data  for  the  decay  of  poten¬ 
tiation  of  the  population  spike  (A)  and  the  population  PSP 
(B)  both  with  (open  squares)  and  without  (open  circles) 
peroxide  treatment.  HFS  given  at  iime  =  0.  Calculated  time 
constants  (mm)  shown  in  insets.  Details  of  curve  fitting  in 
text.  Points  represent  averages  from  eigl.  'ixpenments.  One 
representative  error  bar  is  shown  foi  each  curve. 


talion  of  changes  in  the  amplitude  of  the  population 
spike  and  the  population  PSP  with  lime.  The  per¬ 
centage  increase  in  response  was  plotted  vs  time, 
with  time  =  0  at  the  time  of  HFS  (Fig,  3).  The  four 
resultant  curves  (population  spike  and  population 
PSP,  with  and  without  peroxide  treatment)  are 
described  by  the  equation  for  the  sum  of  two 
exponentials: 

%  change  =  r/  ■exp{  —  ^/T|)  +  /;  'exp(  — 

where  a,  b,  T|  ai.d  Tj  arc  evaluated  for  the 
best  fit  to  the  experimental  data  with  a  routine 
(FITFUNCTION)  tn  the  analytical  package  RS^l 
(BBN  Software  Product,  Cambridge,  MA).  t,  and 
arc  the  time  constants  for  the  slow  and  fast  com¬ 
ponents  of  the  curve,  ri-spcctivcly.  u  and  b  arc  weight¬ 
ing  constants  for  the  two  exponentials  and  were 
insensitive  to  peroxide.  While  the  computed  values 
seem  to  fit  the  data  very  well,  we  do  not  assume 
that  they  arc  necessarily  unique  solutions  to  the 
equation.  The  time  constants  of  decay  of  potentiation 
of  the  population  spikes  of  the  best  fit  curves  were 
2.49  X  10’^  and  6.16  min  in  untreated  tissue  and  58.52 


and  4.16  min  in  peroxide-treated  slices.  It  is  obvious 
that  the  slower  time  constant  is  decreased  by  peroxide 
treatment,  whereas  the  faster  time  constant  is  not 
much  affected.  The  time  constants*  for  the  synaptic 
response  showed  a  similar  effect.  In  untreated  slices 
the  calculated  time  constants  were  1.58  x  10*^  and 
5.55  min  and  in  peroxide-treated  slices  they  were 
61.83  and  4.82  min.  Again,  the  slow  time  constant  is 
greatly  decreased  by  treatment  with  peroxide  while 
the  faster  time  constant  is  not.  Thus,  the  late  phase 
of  LTP  appears  to  be  selectively  altered  by  peroxide. 

DISCUSSION 

The  cicctrophysiological  effects  of  peroxide  on  field 
potentials  in  hippocampal  slices  have  been  shown  to 
be  mediated  by  free  radicals.^’  In  the  present  study, 
we  demonstrate  that  peroxide  interferes  with  LTP  at 
concentrations  that  do  not  affect  unpotentiated 
synaptic  transmission.  The  I/O  curves  show  that  free 
radicals  predominantly  impair  potentiation  of  the 
synaptic  response  and  have  much  less  effect  on  spike 
generation  (E/S  coupling).  This  contrasts  with  higher 
concentrations  of  peroxide,  which  significantly 
reduced  both  synaptic  efficacy  and  E/S  coupling.^’ 
The  decreased  synaptic  potentials  in  previous  studies 
were  hypothesized  to  be  a  consequence  of  reduced 
transmitter  release.^®  Free  radical  effects  on  LTP, 
a  complex  neuronal  process,  may  involve  other 
mechanisms. 

HFS  induces  at  least  two  phases  of  potentiation, 
the  later  one  being  LTP.  The  early  phase  has  been 
referred  to  qs  STP.^**”^^  Our  results  in  untreated 
tissue  suggest  that  LTP  does  not  decrement  measur¬ 
ably.  While  the  calculated  time  constant  may  not  be 
an  accurate  assessment  of  the  extended  time  course, 
it  does  make  the  point  that  in  untreated  tissue,  LTP 
is  a  sustained  process.  In  contrast,  in  peroxide-treated 
tissue,  decay  of  LTP  has  a  time  constant  of  only 
about  I  h.  On  the  other  hand,  the  earlier  component 
of  potentiation,  with  a  time  constant  of  5-6  min,  is 
not  very  sensitive  to  peroxide.  This  component  is 
likely  to  correspond  to  what  McNaughton^**  called 
potentiation,  which  has  a  time  constant  around 
1.5  min  in  vivo.  Temperature  sensitivity  can  account 
for  much  of  the  quantitative  difference  in  the  time 
constant  between  his  experiments  and  the  present 
results. 

Analysis  of  the  time  constants  of  decay  revealed 
that  only  the  late  phase  of  potentiation  was  affected 
by  peroxide  while  the  early  decay  was  unchanged. 
Previous  studies  have  shown  that  STP  and  LTP 
have  very  different  mechanisms.  Several  authors’*^ 
have  suggested  that  STP  reflects  an  increase  in  the 
probability  of  transmitter  release,  most  likely  due  to 
an  increase  in  presynaptic  calcium.  Similarly,  paired- 
pulse  facilitation  is  caused  by  an  increase  in  the 
probability  of  transmitter  release.  In  contrast,  it  has 
been  suggested  that  enhanced  calcium  entry  at 
presynaptic  terminals  is  not  the  mechanism  for 
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Ljp  24  2^  LTP  docs  not  appear  to  entail  an  increase 
in  the  probability  of  transmitter  release,  instead 
McNaughlon'**  h>pothesizcd  that  the  presynaptic 
component  of  synaptic  enhancement  in  LTP  could 
reflect  an  increase  in  the  number  of  quanta  available 
for  release  or  an  increase  in  the  number  of  binding 
sites  for  vesicles.  Since  STP  and  paired-pulse  facili¬ 
tation  are  una fleeted  by  peroxide  exposure,  it  is 
unlikely  that  free  radicals  arc  interfering  with  prcs>n- 
aptic  calcium  entry.  In  flict,  voltage  clamp  studies 
in  hippocampal  pyramidal  cells  have  shown  that 
sustained  high  threshold  calcium  currents^’  and  tran¬ 
sient  low  threshold  calcium  currents  (unpublished 
data)  arc  insensitive  to  peroxide.  Other  steps  in  the 
release  process  need  to  be  considered  as  possible 
peroxide-sensitive  sites. 

Induction  of  LTP  also  requires  calcium  postsyn- 
aptically,^ but  only  within  5  min  of  HFS.'^  It  is 
possible  that  peroxide  is  interfering  with  a  postsyn- 
aptic  calcium-dependent  process.  Remote  calcium 
spikes  in  hippocampal  neurons  show  an  increased 
threshold  with  exposure  to  peroxide’’  and  calcium- 
dependent  processes  in  a  number  of  cell  types  arc 
reportedly  sensitive  to  free  radical  damage.‘*^*’'*^^ 

Peroxide  must  be  present  during  induction  of  LTP 
to  be  cflcctivc.  Yet  its  action  is  to  prevent  mainten¬ 
ance  of  the  potentiation.  This  suggests  that  peroxide 
is  interfering  with  some  process  during  the  induction 
phase  of  LTP  required  to  fully  express  the  poten¬ 
tiation.  Recent  reports*’  ’^  ’’ show  that  a  number  of 
second  messenger  systems  must  similarly  be  available 
during  HFS  for  LTP  to  occur.  Blocking  postsynaptic 
protein  kinase  C  or  calmodulin  11  kinase  prevents  the 
induction  of  LTP;  STP  is  evident,  but  by  30  min 
post-HFS  the  responses  arc  back  to  control  levels.’^'’’ 
As  with  peroxide,  the  time  of  application  of  kinase 
inhibitors  is  critical.  Intracellular  injection  of  the 
blockers  in  the  postsynaptic  cell  after  HFS  has  no 
cflcct  In  these  experiments  it  is  not  possible  to 


remove  the  blockers  after  injection,  which  compli¬ 
cates  comparison  with  our  experiments  in  which 
removal  of  peroxide  was  less  effective  than  continued 
exposure.  It  is  possible  that  peroxide  is  interfering 
with  one  of  the  several  second  messenger  systems 
thought  to  be  involved  with  LTP. 

Recent  studies’"^®  suggest  that  the  oxidation/ 
reduction  state  of  the  N -methyl-D-aspartate  aflects  its 
electrophysiological  response.  In  a  number  of  neur¬ 
onal  preparations,  dithiothreitol,  a  sulfliydryl  reduc¬ 
ing  agent,  caused  long-term  enhancement  of  the 
response  to  A'-methyl-D-aspartatc.^®  This  effect  could 
be  reversed  by  oxidation  with  dithio-bis-nitrobenzoic 
acid.  Tauck  and  Ashbcck’^  reported  that  dithiothrei¬ 
tol,  at  a  concentration  that  had  no  direct  effects  on 
the  synaptic  potential,  was  able  to  enhance  LTP.  It 
is  possible  that  the  free  radicals  formed  in  the  pres¬ 
ent  study  oxidize  the  A^-methyl-D-aspartatc  receptor, 
decrease  its  contribution  to  the  synaptic  response 
even  with  HFS  and  thereby  reduce  the  expression  of 
LTP. 

Hydrogen  peroxide  reacts  with  tissue  iron  to  gener¬ 
ate  hydroxyl  free  radicals.  While  free  radicals  arc 
constantly  formed  in  healthy  tissue,  the  intrinsic 
antioxidant  systems  keep  them  in  check.  However, 
under  pathological  conditions,  free  radical  generation 
can  exceed  the  tissue's  ability  to  control  them.  Our 
study  suggests  that  under  such  conditions,  LTP,  and 
perhaps  memory  processes,  can  be  disrupted. 
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The  cellular  Ha  oncogene,  activated  b>  missense  muta¬ 
tions,  has  been  implicated  in  intrinsic  resistance  to  ionizing  radi 
ation.  This  study  shows  that  the  overexpression  of  the  unmu¬ 
tated  gene  (proto-oncogene)  may  also  be  involved  in  how  the 
cells  respond  to  radiation.  The  experimental  system  consisted  of 
mouse  NIH  3T3"derived  cell  lines  which  carry  multiple  copies 
of  a  transcriptionally  activated  human  c-Ha-m5  proto-onco¬ 
gene.  Both  tumorigenic  (RS485)  and  revertant  nontumorigenic 
subclones  (PR4  and  4C3)  which  have  high  levels  of  ras  expres¬ 
sion  exhibited  a  marked  increase  in  radioresistance  as  measured 
by  Dq  compared  to  control  NIH  3T3  cells.  Other  nontrans¬ 
formed  cells  with  elev  ated  levels  of  ras  (phenotypicall>  revertant 
line  4C8  AlO)  also  had  a  significantly  increased  resistance  to 
radiation,  further  indicating  an  association  between  ras  and  ra¬ 
dioresistance.  The  increased  radioresistance  of  the  RS485  and 
phenotypic  revertants  could  not  be  explained  by  a  differential 
expression  of  the  niyc  or  metallothionein  I  genes  or  by  varia¬ 
tions  in  cell  cycle.  The  correlation  between  increased  ras  proto¬ 
oncogene  expression  and  radiorcsistance  suggests  that  the  ras 
encoded  p21,  a  plasma  membrane  protein,  may  participate  in 
the  cellular  responses  to  ionizing  radiation.  mi  Atadcmic 
Press,  Inc. 


INTRODUCTION 

Understanding  the  molecular  mechanisms  of  intrinsic 
radioresistance  is  fundamental  to  the  development  of  po¬ 
tent  chemical  radioprotectors  and  the  design  of  more  effec¬ 
tive  cancer  radiotherapy  protocols.  Recent  studies  have 
demonstrated  a  correlation  between  radioresistance  of  hu¬ 
man  tumors  and  the  expression  of  specific  oncogenes, 
namely,  the  ras  and  raf  oncogenes  (7,  2).  Using  DNA-me- 
diated  gene  transfer  techniques,  it  has  been  shown  that  the 
activated  raf  may  contribute  to  radioresistance  in  skin  fibro¬ 
blasts  from  cancer-prone  individuals  (7)  and  in  tumors  of 

'  To  whom  oorrespondente  should  be  addressed. 


the  head  and  neck  (2).  Furthermore,  transfected  raf  and 
genes  of  the  ras  family  (Ha-,  Ki-,  or  N-rai)  that  are  acti¬ 
vated  by  missense  mutations  all  induced  a  radioresistant 
phenotype  in  recipient  rodent  cells  {3-5).  This  was  in  con¬ 
trast  to  activated  myc.fes,  and  abl  oncogenes,  which  had  no 
effect  on  the  response  to  radiation  (d).  Research  efforts  ex¬ 
tending  these  observations  demonstrated  that  the  inhibi¬ 
tion  of  raf  expression  by  antisense  RNA  is  sufficient  for 
restoring  radiosensitivity  in  human  squamous  carcinoma 
cells  (7).  It  appears,  therefore,  that  specific  oncogenes  may 
play  a  role  in  intrinsic  radioresistance. 

Thus  far,  studies  on  the  cellular  Ha-ra5  and  radioresis¬ 
tance  have  focused  primarily  on  the  mutated  gene  (EJ-raj), 
which  encodes  for  a  21-kDa  protein  (p21)  with  a  glycine  to 
valine  substitution  (5).  However,  mutations  in  ras  are 
rather  infrequent  in  spontaneous  human  tumors  {9-11).  In 
contrast,  quantitative  changes  in  Ha-ras  are  commonly 
found  in  a  wide  variety  ofhuman  neoplasms  (77,  72).  Being 
interested  in  the  potential  role  of  p21  in  radioresponses  of 
normal  and  malignant  tissues,  we  chose  to  concentrate  on 
the  wild-type  p2 1 .  Our  interest  was  prompted  by  early  find¬ 
ings  indicating  that  an  interaction  of  a  cell  membrane  com¬ 
ponent  with  exogenous  (or  endogenous)  thiols  may  be  nec¬ 
essary  to  maintain  the  cellular  response  to  radiation  (manu¬ 
script  in  preparation).  The  cellular  p2r'“,  a  G-like  protein 
with  guanine  nucleotide  binding  and  GTPase  activities,  is 
localized  on  the  inner  side  of  the  plasma  membrane  (72) 
and  is  thought  to  participate  in  the  transduction  of  extracel¬ 
lular  signals  through  hydrolysis  of  phosphoinositides  or  the 
activation  of  protein  kinase  C  {13-16).  Considering  its  stra¬ 
tegic  localization  and  function,  we  speculated  that  cellular 
p2 1  may  be  involved  m  the  control  of  radiation  responses. 

The  studies  described  here  were  designed  to  determine 
the  relationship  between  the  expression  of  Ha-ras  proto-on¬ 
cogene  and  cellular  sensitivity  to  ionizing  radiation.  The 
experimental  system  consisted  of  NIH  3T3-derived  cell 
lines  which  express  the  human  c-Ha-ra^l  gene  transcrip¬ 
tionally  activated  by  a  retroviral  long-terminal  repeat 
(LTR)  control  element.  Tested  cultures  included  the  neo- 
plastically  transformed  cell  line  RS485  (77)  and  phenotypi- 
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call)  rcvcrtant  nonlumorigenic  subclones  (PR4,  4C8A10, 
4C3)  obtained  aftci  long-term  trealmenl  vsuh  inlcrfcron-o/ 
#5  (IFN-«//d)  1/5-20).  The  mouse  cell  lines,  which  varied  in 
their  lumorigenic  phenotype  and  p2 1  biosynthesis  (/5-20), 
provided  a  suitable  system  for  correlative  studies  focusing 
on  nis  expression  in  diHcrcnt  genetic  and  phenot>pic  back¬ 
grounds.  The  results  indicated  a  tight  correlation  between 
radiation  sensitivity  and  rcLs  that  was  independent  of  the 
oncogene-induced  neoplastic  transformation. 

METHODS 

ells,  liiiciik ion  lunoiunt,  ond  I lonskMion  wnhiDSA 

Nil!  3T3  subcloncs  were  propagaicd  in  Dull)ccco*s  modified  Eagle's 
medium  supplcmcnicd  \viih  2  m3/ glutamine.  10^7  hcal-inaciivaicd  fcial 
calfscrumtGIBCO  Laboraiories,  Grand  Island.  NY).  100  U/ml  penicillin, 
and  100  slupluni^>nn  iSigma.  Si.  Lolu^,  M0>.  LApuncnliallv  grow¬ 
ing  llIIs  vstu  U6vJ  In  all  L,\puiinitiili>  Tin.  line  RS485  was  ongmall v 
Jerhed  b>  tiansfoinnn^  NIII  3T3  cells  w*ih  ihe  2.'^-kb6atl  fragment 
of  thv.  human  c  lla-/i^>i  prolo  euieugene  ligated  downstieam  from  the 
LTR  ofl  larve>  niunne  s^ireoma  virusl/  The  isulalion  and  eharaetcrua- 
liun  oflTN  induced  RS485-re^eilanl  elonal  hne  4C3  and  ilssubeionc 
ER4  have  been  Jesenbed  pieviouslv  (AS  CU.  22).  The  4C8-A10  subelonc 
was  isetlatcd  fruni  iiileiferon  indueed  level laiU  4C 8  cells  (/<!>) grown  in  the 
absence  urinterfeion  foi  2  3  months.  The  phenol>pieaIIv  reverted  4C3. 
PR4.  and  4C8  MO  cells  contain  the  transforming /ta  DNA  but  have  lost 
the  abllltv  to  prulifeiate  in  semisohd  agar  or  in  recipient  ath>mie  mice 
((/.V)  and  unpublished  data).  The  4C3  cells  were  propagated  in  the  continu¬ 
ous  presence  of  200  lU/ml  of  mouse  L-ccll  IFN-tr/jtf  (sp  act  lO*  lU/mg,  a 
gift  from  M.  Ranker.  Medical  College  of  Pennsylvania)  and  irradiated  in 
the  absence  of  interferon  (see  below).  Control  cultures  included  Ihc  paren¬ 
tal  Nil!  313  ceil  line  as  well  as  the  subcloncs  designated  Nq,  N|,  Nj,  N^. 
and  N,2  obtained  b>  transicetion  wuh  pSV  jneo  (2-/ ).  DNA  eoprceipi- 
tation  with  eateium  phosphate,  transieetion  ut  echs.  and  selection  of  trans¬ 
formants  were  asdesenbed  prcMouslv  1/6). 

Anal  VMS  of  Miioiic  and  Lahdinii  Indices 

To  dcteinune  the  pcicciUagc  ol  cells  ill  S  phase,  a  nioiioelonai  aiUibodv 
leehnivtue  was  used  t2J.  2(i)  The  miioUe  fraction  was  determined  b>  a 
modification  of  the  pciccntage  labeled  mitoses  technuiue  {22,  2ti).  lor 
both  pioccduieS.  <.clls  were  collected  on  lee.  fiAed  with  I  t  Na-eitralC/  i  .v 
glacial  acetic  acid,  and  cctitrifugcd  onto  slides.  I  lie  slides  were  treated  with 
RN.iSe  to  iemove  anv  RNA  and  tlien  stained  with  propidiuni  iodide.  To 
determine  the  labeling  inde.\,  cultures  were  tiealed  with  U.  1  mM  bromo- 
deoxyuridine  (BrdUrd)  and  0.0 1  mA/  lluorodeoxyuridinc  for  30  min  to 
allow  for  incorporation  into  DN\.  Cells  were  eollcetcd  as  above  unto 
slides  Tollowlng  ircaimcnt  with  0  NaOIl,  the  slides  were  rinsed  with 
PBS  and  treated  with  llw  double  antibody  nuoreseeiiec  leehniuue,  using 
the  BrdUrd  monoclonal  antibody  (Becton-Dickinson.  Ml.  View,  CA)  and 
the  IgG-bioiin-slrepiavidin-FITC  conjugated  antibody  (TAGO.  Inc., 
Burlingame.  CA).  This  allowed  for  visualization  of  those  cells  in  S  phase 
that  incorporated  the  BrdUrd  (24  28).  Unless  otherwise  stated,  all  reagents 
were  obtained  from  Sigma  Chemical  Co.  Statistical  tests  arc  listed  below. 

Radwbioloiiy 

Cellular  response  to  radiation  was  assessed  by  the  cell  survival  assay. 
Ceils  were  eounicd  with  a  Coulter  counter  (Hialeah,  FL)  and  plated  onto 
6(hmm-dianieter  eiiltuie  dishes  in  appropriate  numbers  4~i  oh  before  radi¬ 
ation  tieatnient  to  allow  tor  cell  attachment.  Phenotypieally  rcvcrtant  4C3 


ceils,  normally  maintained  with  continuous  treatment  of  interferon  (200 
IL'^mlj.  did  not  have  interferon  present  in  the  medium  during  radiation 
treat  mem  Cells  were  treated  as  a  monolayer  in  complete  medium  under 
aerobic  conditions  and  given  a  total  dose  of  2  to  10  Gy  unilaterally  at  0.99 
Gy/mm  from  an  Atomic  Energy  of  Canada  Limited.  Therairon-80  cobalt- 
60  source.  Prior  to  each  exposure,  the  dose  rate  was  measured  al  the  irra¬ 
diation  distance  using  a  3.0-ee  tissue-evtui  valent  ionization  chamber with  a 
4  nim  build-up  cap  manufactured  by  Lxradin,  Ine.  The  ionization 
chamber  used  has  a  calibration  factor  traceable  to  the  National  Institute  of 
Standards  and  Technology  (29).  The  dosimetry  measurements  were  per¬ 
formed  following  the  AAPM  Task  Group  21  protocol  for  the  determina¬ 
tion  of  the  absorbed  dose  from  high-energy  photon  and  electron  beams 
(29).  Following  irradiation,  cells  were  returned  to  the  incubator  for  10  days 
to  allow  for  colony  formation  and  then  fixed  with  methanol  and  stained 
with  IT  crystal  violet.  Colonies  with  more  than  50  cells  were  counted  as 
survivors  and  only  plates  with  more  than  15  colonics  were  counted. 

Norihcrn  Blot  Analysis  and  DNA  Probes 

Cytoplasmic  RNA  was  extracted  from  exponentially  growing  cells  and 
separatedby  electrophoresis  in  1  /cagarose-formaldchydcgelsasdcscnbcd 
{30,  SI).  RNA  blotting  onto  mtrueellulosc  filters,  hybridization  with  radio¬ 
labeled  DNA  probes,  «md  autoradiography  were  performed  according  to 
standard  procedures  {SO,  SI).  I  he  probes,  a  6t/el  2.y-kb  fragment  of  the 
human  e-ILwosl  gene  and  a  fragment  of  the  e-/nye  gene  spanning  the 
third  exon,  were  obtained  from  Oneor  (Gaithersburg,  MD).  The  probe  fur 
metallothioncin  I  (M  T-i)  transcripts  vvas  a  Z^^»/II//.toRI  fragment  (span¬ 
ning  the  three  exons)  derived  from  the4-kbLeoRI  niouscgcnomie  clone  of 
Ml  -  I  (22)  (gift  from  D.  Hamer.  National  Cancer  Institute,  Bethesda, 
MD).  ’’P-Iabeled  DNA  probes  were  prepared  using  a  random  primed 
DNA  labeling  kit  (Bochnngcr-Mannhcim.  Germany). 

Staiistkal  Analysis  of  Data 

Survival  Ltirves  Survival  curves  were  fitted  by  a  computer  program 
provided  by  N.  Mbright  (32).  This  program  calculates  survival  levels  and 
their  corresponding  weights.  The  program  assumes  that  the  variability  in 
the  colony  counts  is  due  to  random  errors.  The  corresponding  weights  arc 
based  on  a  Poisson  distribution  for  the  number  ofcolony  counts  and  their 
variations.  This  program  filsdilTcrcnt  mathematical  models  to  the  survival 
data  using  those  calculated  survival  levels  and  associated  weights.  This  is 
accomplished  by  an  iteration  of  the  weighted  least  squares  and  by  estimat¬ 
ing  the  covariances  of  the  survival  curve  parameters  and  the  corresponding 
confidence  limits.  The  Dq,  and  n  wcrcealeulatcd  by  this  program.  No 
..ignifieant  difTcrcnecs  in  the  values  for  Dq,  D^,  and  n  were  observed  when 
l»ic  data  were  fitted  to  several  statistical  models,  so  we  chose  to  fit  the  data 
by  the  repair  s<ituration  model.  In  T  igs.  2  and  3  and  Tabic  1,  each  data  point 
represents  the  mean  x  SL  from  3-12  cxpcnmcnls  with  three  plates  per 
each  point. 

Labeling  and  mauiiL  indues.  Data  were  analyzed  by  the  Kruskal- 
Walhs  test,  which  is  a  nonparamctrie  one-way  analysis  of  vanance  {33, 
34 ).  Data  represent  the  mean  .t  SL  of  four  experiments  with  three  plates 
per  data  point. 

RESULTS 

The  malignant  RS485  ceils,  transformed  by  a  transcrip¬ 
tionally  activated  c-Ha-rrw  proto-oncogene,  produce  large 
amounts  of  ras  mRNA  (Fig.  1)  and  encoded  p21  protein 
compared  to  parental  3T3  cells  (18,  22).  Similarly,  elevated 
ras  expression  is  characteristic  of  the  nontumorigenic, 
phenotypieally  rcvcrtant  PR4  cells  (Fig.  1 ).  The  RS485  and 
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FIG.  1.  Norihem  blot  analysis  of  w^-spcci^Ic  niRNA.  Cytoplasmic 
RNA  (40  /ig)  from:  Lane  I .  NMI I  3T3i  Lane  2.  RS485;  Lane  3,  PR4;  lane  4. 
4C3  cells  continuously  maintained  on  200  lU/ml  oflFN-a/Zi:  and  Lane  5. 
RS485  cells  treated  with  200  lU/ml  oriFN-(Y//^  for  72  h  prior  to  radiation. 
One  week  after  treatment  of  the  4C3  cells  was  discontinued,  the 

levels  of  uis  mRNA  were  comparable  to  those  shown  in  Lane  5  as  mea¬ 
sured  by  densitometne  analysis,  (lop)  Hybridization  with  a  ^^P-labcled 
I  Ia-/Y/\  probe.  I  he  1  Ia-w\  RNA  was  undetectable  in  Ml  1  3 1 3  cells.  (Bot- 
tuiii)  1  hw  nbusuilial  RNA  uidiv.aicsitt^icialtvi.anuiufUsorRNAioadcdin 
each  lane. 


PR4  cells  both  exhibited  a  marked  increase  in  radioresis- 
lance  cumpared  to  control  cultures  (Fig.  2)  as  determined 
by  their  Dq  and  values.  The  values  for  RS485  were 
-  1 .79  i.  0. 1 2  G>  and  D,,  >  2.82  ±  0. 1 9  and  for  PR4, 
1.70  X  0.14  Gy  and  ~  2.63  x  0.19  Gy.  In  contrast,  the 


riG.  2.  The  association  of  ras  expression  with  resistance  to  Ionizing 
radiation.  Surv  ival  curves  designated  with  [-'/'r/v]  or  [-r  ^ras]  represent  cells 
with  negligible  or  high  ras  expression,  respectively.  Data  represent  the 
mean  ±  SL  Irom  .s-IS  experiments.  RS48^  tu).  PR4  (A),  Mil  3T3  (•). 
Lrrur  barssmalUi  than  the  symbol  hav<,  been  omitted. 


FIG.  3.  Dose-dependent  correlation  between  ras  expression  and  ra- 
dioresponse.  Cells  vvith  varying  levels  of  ras  expression  were  exposed  to 
ionizing  radiation.  Data  represent  the  mean  X  SE  from  4-15  experiments. 
PR4  (A);  4C3  (•):  4C8A 10  (□);  Nil  I  3T3  (O).  Error  bars  smaller  than  the 
symbol  have  been  omitted. 


parental  NIH  3T3  cells  had  a  />(,  of  1 .27  ±  0.09  Gy  and  a 
of  1.63  ±  0.20  Gy.  The  increased  radiorcsistance  observed 
with  the  tm  transformants  and  phenotypic  revertants  was 
not  due  to  the  transfection  process  per  se  since  there  was  no 
significant  dificrence  in  the  DqS  between  cells  transfected 
with  the  bacterial  neo’’  gene  (clones  Nq,  N,,  N2,  N^,  N,2) 
and  the  parental  NIH  3T3  cells.  The  neo*^  transfected  NIH 
3T3  subclones  had  Dq  values  ranging  from  1.12  ±  0.14  to 
1.38  -L  0.14  Gy,  which  were  not  statistically  difTcrenl  {33, 
34)  from  the  values  previously  reported  for  NIH  3T3 
cells  (5,  6,  35).  These  data  indicate  that  a  significant  in¬ 
crease  in  radioresistance  is  associated  with  overexpression 
of  ras  and  is  independent  of  neoplastic  transformation  by 
this  proto-oncogene. 

In  revertant  4C3  cells,  ras  expression  can  be  modulated 
by  IFN-cy/^  treatment  {20).  This  allowed  further  examina¬ 
tion  of  the  relationship  between  ras  and  radioresistance 
within  the  same  cellular  system.  Continuous  treatment  of 
4C3  cells  with  200  lU/ml  of  IFN-«/i3  was  associated  with  a 
four-  to  eightfold  reduction  in  the  levels  of  ras  mRNA  (Fig. 
1 )  as  compared  to  RS485  and  PR4  cells.  Our  previous  stud¬ 
ies  showed  that  the  levels  of  p2 1  ras  closely  follow  those  of 
the  ras  mRNA  {19,  22).  The  4C3  cells  irradiated  immedi¬ 
ately  after  cessation  of  IFN-a/)3  treatment  exhibited  only  a 
slight  reduction  in  radiorcsistance  (/)o,  1 .59  ±0.09  Gy; 

2.53  ±  0.09  Gy)  when  compared  to  RS485  or  PR4  cells 
(Fig.  3).  One  week  later,  at  which  time  ras  expression  was 
fully  restored  in  4C3  cells,  cellular  radiorcsistance  was  also 
fully  restored  (Table  i),  indicating  a  link  between  ras  and 
radiation  response. 

It  could  be  argued,  however,  that  the  changes  observed  in 
the  radiation  response  of  4C3  cells  were  related  to  a  pertur- 
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bation  of  the  cell  cycle  by  IFN-a//3.  While  this  may  be  the 
case  with  high  concentrations  of  IFN-a/jS  (>  1000  lU/ml) 
(36),  the  concentration  used  in  our  studies  (200  lU/ml)  has 
had  no  significant  effect  on  cell  proliferation  and  resulted  in 
negligible  cellular  toxicity  in  previous  studies  (79, 36).  Fur¬ 
thermore,  a  similar  IFN-«//J  treatment  of  RS485  cells  for 
72  h  prior  to  irradiation,  which  had  no  effect  on  ras  expres¬ 
sion,  also  had  no  effect  on  the  response  to  radiation  {Dq, 
1 .80  ±  0. 1 2  Gy;  /)„,  2.84  ±  0.20  Gy).  Labeling  and  mitotic 
index  measurements  of  both  the  IFN-a//3-treated  RS485 
and  4C3  cells  showed  that  this  dose  of  IFN-«//?  had  no 
effect  on  the  proportion  of  cells  in  S  (LI,  0.40  ±  0.04)  or  M 
(MI,  0.043  ±  0.004)  phase.  Therefore,  it  appears  that  alter¬ 
ations  in  radloscnsitivit>  of  4C3  cells  were  associated  with 
modulation  of  n/s  expression. 

Even  though  ras  expression  was  somewhat  reduced  in 
interferon-treated  4C3  cells,  the  cells  still  exhibited  mark¬ 
edly  increased  resistance  to  radiation  compared  to  parental 
NIH  3T3  cells,  suggesting  a  possible  required  threshold  for 
ras  p2 1  to  induce  cellular  radioresistance.  In  agreement,  the 
phenotypically  revertant  clonal  line  4C8-A10,  which  ex¬ 
hibits  intermediate  levels  of  ras  constitutively  (without 
IFN-a//3  treatment),  also  had  increased  radioresistance 
with  Dq  and  values  of  1.65  ±  0.07  and  2.56  ±  0.09  Gy, 
respectively  (Fig.  3).  A  summary  of  the  relationship  among 
ras  expression,  cell  phenotype,  and  radiation  sensitivity  is 
presented  in  Table  1. 

It  is  well  documented  that  sensitivity  to  radiation  varies 
during  the  cell  cycle,  with  S-phase  cells  being  relatively  ra¬ 
dioresistant  (37,  3S).  Strict  statistical  examination  of  the 
data  showed,  however,  that  there  was  no  significant  differ- 


TABLE I 


Relationship  of  ras  Proto-oncogene  Expression 
to  Radiorcsistance 


Cell  line" 

ras 

level* 

Tumongcnicily'^ 

Radiorcsistance*' 

DoiSEtGy) 

NIH  3T3 

<0.1 

0/12 

1.27  ±  0.09 

RS485 

6 

9/9 

1.79  +  0.12 

PR4 

6 

0/6 

1.70  +  0.14 

4C3  (IFN) 

1 

O/Il 

1.59  +  0.09 

4C3  (w/o  IFN) 

6 

0/6 

1.72  +  0.10 

4C8-A10 

1 

0/6 

1.65+0.07 

"  Number  of  survival  cxpcrimcnis  per  cell  line:  NIH  3T3,  RS485,  PR4 
—12;  4C3  (IFN),  4C8AI0— 6:4C3  (w/o  IFN)— 3. 

*  Data  were  obtained  from  Northern  blot  analysis,  and  the  values  arc  the 
relative  absorbance  ot  the  bands  measured  by  dcnsitometnc  analysis  of  the 
blots. 

'Number  of  mikC  that  developed  tumors  after  se  injection  of  3  /v  10* 
cells  (( 19. 21),  by  permission). 

^  Dq,  dose  required  to  reduce  the  number  of  surviving  cells  to  37%  on  the 
exponential  portion  of  the  survival  curve. 


(-ras)  (++ras)  (++ras)  (+ras) 

FIG.  4.  Labeling  (LI)  and  mitotic  (Ml)  indices  of  NIH  3T3-dcnvcd 
cells.  Samples  were  processed  as  desenbed  under  Methods.  Data  represent 
the  mean  j.  SL  from  three  experiments  with  three  samples  per  expenment. 
Statistical  analysis  was  done  as  described  under  Methods  section.  Group  I , 
NIH  3T3;  Group  2,  RS485;  Group  3,  PR4;  Group  4,  4C3.  The  labeling 
index  is  on  the  y  axis  and  the  mitotic  index  is  on  the  /  axis. 


ence  in  the  fraction  of  cells  in  S  phase  in  NIH  3T3  cells, 
RS485  cells,  and  the  revertant  cultures,  as  indicated  by  their 
labeling  indices  (Fig.  4).  Thus  the  differential  radiosensi¬ 
tivity  in  these  cell  lines  is  not  due  to  differences  in  cell  cycle. 

Since  recent  reports  focusing  on  ras  and  radioresistance 
in  other  cellular  systems  have  shown  that  increased  radiore¬ 
sistance  also  correlated  with  increased  expression  of  other 
genes  including  metallothioncin  (MT)^  and  myc  (4,  40),  we 
examined  their  expression  in  our  cells.  Northern  blot  analy¬ 
ses  showed  no  correlation  between  cellular  sensitivity  to 
radiation  and  the  expression  of  either  c-myc  (Fig.  5)  or  MT 
(Fig.  6)  genes.  The  levels  of  c-myc  mRNA  were  comparable 
in  NIH  3T3,  PR4,  and  RS485  cells,  regardless  of  their  dif¬ 
ferential  ras  expression  and  radiorcsistance.  Expression  of 
MT  was  comparable  in  the  RS485  and  control  NIH  3T3 
cells  despite  their  differential  radioresistant  phenotype  (Fig. 
6,  Lanes  I  and  3).  Furthermore,  the  MT  mRNA  levels  were 
significantly  lower  in  PR4  cells  compared  to  RS485  cells, 
yet  the  two  cell  lines  exhibit  essentially  the  same  high  ra¬ 
dioresistance.  The  findings  that  PR4  cells  are  not  tumori- 
genic  and  show  no  elevation  in  MT  expression  despite  the 
large  amounts  of  p21  ras  produced  suggest  that  the  indue- 
tion  of  neoplastic  transformation,  modulation  of  MT  ex¬ 
pression,  and  an  increase  in  radiorcsistance  may  occur  via 
different  mechanisms  in  cells  with  activated  ras. 

DISCUSSION 

The  cellular  ras  oncogenes  in  their  mutated  form  have 
been  implicated  in  intrinsic  radiorcsistance.  We  show  here 
that  quantitative  changes  in  expression  of  the  ras  proto-on- 

*  M.  J.  Renan,  P.  L  Duwman,  and  G.  BIckkenhorst,  Radioscnsitivity  of 
rax-transformed  cells.  Effects  of  metallothioncin  induction.  Presented  at 
the  Thirty-Seventh  Annual  Meeting  of  the  Radiation  Research  Soeicty, 
Seattle,  \VA,  1989, 
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1  2  3 


FIG.  5.  Northern  blot  analysis  of  wyr-spccific  mRNA.  Cytoplasmic 
RNA  (25  ng)  was  isolated  from  exponentially  growing  cells.  Lane  L  NIH 
3T3,  Lane  2,  PR4,  Lane  3,  RS485.  (Top)  Results  of  hybriduation  with  a 
^^P-Iabclcd  probe.  Arrow  indicates  the  2.4-kb  c-/7i>c  mRNA.  (But 
tom)  rRNA,  as  in  Fig.  I.  The  same  amount  of  RNA  was  loaded  in  ea^h 
lane. 


cogene  arc  correlated  with  changes  in  cellular  response  to 
ionizing  radiation.  Using  NIH  3T3-derivcd  cells  that  carry 
the  human  Ha*rtia  proto-oncogene  (cell  line  RS485  and  its 
IFN-a//3-induced  phenotypic  revertants)  it  was  demon¬ 
strated  that,  (a)  cellular  response  to  ionizing  radiation  is 
independent  of  neoplastic  transformation  by  ras,  (b)  there 
is  a  correlation  between  expression  and  radioresistance 
(as  defined  by  the  D^)  and  values)  with  a  possible  thresh¬ 
old  requirement  for  the  ru5-encoded  protein,  and  (c)  agents 
which  affect  ras  expression  may  also  affect  cellular  radio¬ 
sensitivity  (Table  I). 

The  malignant  RS485  and  phenotypically  revertant  cell 
lines  contain  multiple  copies  of  the  c-Ha-ra^  proto-onco¬ 
gene  that  are  under  the  control  of  the  Harvey-MuSV  LTR 
(77,  75)  and  consequently  produce  large  amounts  of  p21 
(75,  79).  These  cultures  exhibited  a  marked  increase  in  ra¬ 
dioresistance  compared  to  control  NIH  3T3  cells.  The  re¬ 
sults  for  RS485  are  in  agreement  with  those  recently  re¬ 
ported  by  Pirollo  et  ai  (6).  In  contrast  to  our  findings  with 
the  RS485-derived  cells,  independent  studies  with  another 
NIH  3T3  subclone  (NN 1 92),  transformed  by  the  rat  Ha-m^ 
proto-oncogene  driven  by  the  Moloney-MuSV  LTR, 
showed  no  increase  in  intrinsic  radioresistance  (3).  Al¬ 
though  the  two  cellular  systems  differ  with  respect  to  their 
transfected  DNA,  the  differential  response  to  ionizing 
radiation  is  more  likely  to  be  related  to  quantitative  differ¬ 
ences  in  ras  expression.  Our  studies  suggest  that  there  is 
indeed  a  threshold  level  of  ras  expression  required  for  the 
cellular  radioresistance  observed  in  these  studies.  More¬ 


over,  we  have  recently  observed  a  dose-dependent  associa¬ 
tion  between  ras  expression  and  increased  radioresistance 
in  human  osteosarcoma  cells  (manuscript  in  preparation). 

Since  others  have  suggested  that  response  to  radiation 
among  NIH  3T3  subclones  may  vary  even  prior  to  transfec¬ 
tion  due  to  genetic  instability  (39,  40),  we  tested  five  addi¬ 
tional  neo^  NIH  3T3  subclones.  Our  data  showed  no  signifi¬ 
cant  heterogeneity  with  respect  to  radioresponse.  The  Dq 
values  obtained  for  the  NIH  3T3  subclones  are  similar  to 
that  obtained  by  Chang’s  laboratory  (6),  but  appear  slightly 
lower  compared  to  values  obtained  by  others  (3, 5,  35,  42). 
A  strict  statistical  analysis  (33,  34)  and  comparison  of  the 
values  reported  by  these  laboratories  showed,  however,  that 
those  data  are  not  significantly  different  from  our  own  in 
spite  of  differences  in  experimental  techniques,  dosimetry, 
and  dose  rate,  as  well  as  the  statistical  model  chosen  to  fit 
the  data. 

We  further  demonstrated  that  the  differential  radiosensi¬ 
tivity  observed  in  cells  with  high  ras  expression  is  not  re¬ 
lated  to  clonal  variations.  This  was  shown  by  modulating 
ras  expression  in  revertant  4C3  cells  and  examining  the 
correlation  between  radioresistance  and  ras  expression 
under  a  uniform  genetic  background.  In  these  studies,  ras 
expression  was  modulated  using  IFN-a/i5  treatment.  Treat¬ 
ment  of  4C3  cells  with  200  lU/ml  of  murine  IFN-a//? 
caused  a  partial  reduction  (four-  to  eightfold)  in  ras  gene 
transcription  and  p2 1  biosy  nthesis  (this  study ,  75, 20),  Inter¬ 
estingly,  this  IFN-a/i3  treatment  of  4C3  cells  was  not  asso¬ 
ciated  with  restoration  of  radiation  sensitivity,  while  it 
might  appear  that  there  was  a  slight  restoration  of  radiation 
sensitivity,  statistical  analysis  demonstrates  that  this  was 
not  the  case.  Perhaps  additional  experiments  would  have 
demonstrated  a  dose-dependent  relationship  between  ras 
expression  and  radiation  resistance.  While  high  concentra¬ 
tions  of  IFN-of//3  (>1000  lU/ml)  could  alter  radiation  re- 
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FIG.  6.  Nurliicrn  blut  anal>&isuf  mctaliiithiuncm  I  (MT-!)  transenpts 
in  uninduccd  and  Cd’*  induced  cells.  Samples  were  25  /ig  of  cytoplasmic 
RNA  from  uninduced  (Lancs  1 , 3. 5)  and  Cd^*^  induced  cultures  (Lancs  2, 
4, 6).  NIH  3T3.  Lancs  I  and  2;  RS485,  Lancs  3  and  4;  and  PR4,  Lancs  5 
and  6.  (Top)  Rcsultsof  hybndization  with  a  ^^P-labclcd  MT  probe.  Arrow 
indicates  thc0.6-kb  M  T-$pecific  mRNA.  M  T  induction  resulted  from  cel¬ 
lular  exposure  to  5  fxM  CdSO  for  iO  h.  (Bottom)  rRNA,  as  in  Fig.  1. 
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sponse  \ia  a  cell-c>cle  effect  {36,  5.'’),  the  concentrations  of 
IFN-a/jS  used  (200  lU/ml)  had  no  significant  effect  on  cell 
proliferation  and  viability.  Furthermore,  a  similar  IFN-a//? 
treatment  of  RS485  cells,  which  did  not  affect  ras  expres¬ 
sion  (20),  had  no  effect  on  the  cellular  response  to  radiation, 
suggesting  that  the  changes  in  radiation  sensitivity  in  our 
studies  may  be  related  to  the  modulation  of  w  expression. 

Although  the  tight  correlation  between  ras  expression 
and  radioresislance  suggests  a  role  for  the  ru.s-encoded  p21 
protein  in  cellular  response  to  radiation,  othei  contributing 
factors  should  be  considered.  Cellular  radiosensitiviiy  is 
known  to  vary  during  the  cell  cycle,  with  cells  in  the  S  phase 
being  relatively  radioresistant  {38,  39).  The  observed  in¬ 
crease  in  radioresistance  cannot,  however,  be  explained  by 
a  cell-cycle  effect,  because  analysis  of  the  labeling  and  mi¬ 
totic  indices  showed  no  significant  difference  in  tested  cell 
lines,  regardless  of  the  le\el  of  ra5  expression.  Increased 
radioresislance  that  is  independent  of  cell  cycle  was  also 
observed  in  EJ-ri/s-transfornicd  primary  rat  embryo  fibro¬ 
blasts  {4, 5).  In  some  of  these  studies,  however,  a  significant 
increase  in  radioresislance  was  observed  only  after  transfec¬ 
tion  with  both  EJ-r^5  and  a  viral  myc  oncogene  {4,  40). 
Since  myc  expression  is  cell  cycle-dependent  {43,  44)  and 
our  studies  involved  asynchronous  cell  populations,  no 
conclusions  regarding  the  involvement  of  endogenous  c- 
myc  in  radioresislance  of  the  NIH  3T3-derived  cells  can  be 
reached.  In  another  study  with  N-w  transformed  cells,  it 
has  been  proposed  that  enhanced  radioresislance  is  related 
to  elevation  in  melallothionein  expression.*  Such  a  correla¬ 
tion  was  not  observed  in  our  cellular  system.  Despite  a 
marked  difference  in  MT  expression  between  RS485  and 
PR4  cells,  these  cultures  exhibited  a  similar  elevation  in 
radioresislance.  Moreover,  in  cell  lines  with  a  comparable 
MT  expression  but  differential  ras  expression  (i.e.,  the 
RS485  and  parental  NIH  3T3),  the  radiation  response  re¬ 
flected  the  increased  ras  proto-oncogene  expression. 

Considering  these  results,  it  appears  that  quantitative 
changes  in  ras  expression  closely  correlate  with  radiation 
response.  Constitutive  overexpression  of  ras  is  characteris¬ 
tic  of  a  variety  of  human  cancers.  If  an  abundance  of  ras 
p2 1  protein  is  needed  for  the  maintenance  of  the  radioresis¬ 
tant  phenotype,  then  a  decrease  in  ras  expression  might 
enhance  killing  of  tumor  cells  by  radiation.  Alternatively, 
radioprotection  of  normal  cells  might  be  achieved  through 
the  controlled  induction  of  ras.  This  hypothesis  is  currently 
under  investigation. 
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The  interaction  of  the  radioprotcctor  l-nielhyI-2-12-(mclh- 
ylthio)  2  pipcridino\in>l|quinoIiniuni  iodide  (VQ)  with  linear 
and  bupcrcoilcd  pIB130  DNA  was  studied  b>  fiow  linear 
dichroism  spcctroscop>,  equilibrium  dialysis,  circular  di 
chroism,  and  UV  absorption  spectroscopy.  The  negative  linear 
dichroism  spectra  of  VQ-DNA  complexes  throughout  the  220- 
500  nm  wavelength  region,  a  red  shift  in  the  VQ  main  absorp¬ 
tion  band  (at  452  nm)  of  1-2  nm  upon  binding  to  DNA,  and  a 
concentration-dependent  unwinding  of  supercoiled  DNA  sug¬ 
gest  that  the  primary  mode  of  interaction  of  VQ  with  DNA  (at 
least  at  low  concentrations)  is  intcrcalativc  in  nature.  A  least- 
squares  anal>sis  of  the  equilibrium  dialysis  binding  of  VQ  to 
supercoiled  DNA  using  the  McGhce-von  Hippel  equation  gives 
an  association  constant  K  7300  300  M  \  and  an  exclusion 

number  n  in  the  range  of  3.3 -5.3.  The  lower  value  of  //  is  ob¬ 
tained  when  clfccts  of  poly  electrolytes  arc  also  taken  into  ac 
count.  Because  quinolinium  iodide  derivatives  with  different 
substituents  and  DNA  binding  affinities  can  be  synthesized, 
this  family  of  compounds  could  be  employed  to  probe  relation¬ 
ships,  if  any,  between  radioprotective  efficacy  and  DNA  binding 
affinity. 


INTRODUCTION 

Numerous  chemicals  have  been  investigated  for  their  ra¬ 
dioprotective  ability.  The  most  widely  studied  class  of  antir- 
adiation  compounds  are  the  aminothiols,  initially  synthe¬ 
sized  by  the  U.S.  Army  Medical  Research  and  Develop¬ 
ment  Command  at  Walter  Reed  Institute  (/).  The 
mechanism  at  the  molecular  level  (2,  3)  by  which  amino¬ 
thiols  confer  protection  is  not  known  with  certainty,  al¬ 
though  a  number  of  possibilities  have  been  suggested,  in¬ 
cluding  free  radical  scavenging  (4,  5),  hydrogen  atom  cx- 

*  Research  at  New'  York  University  supported  by  the  Ofiicc  of  Health 
and  Lnvirunmcnui  Research.  Dcpartnieni  uf  Lnergv,  Oram  DL-l  002- 
S6nRfiO405. 


change  (6),  enhancement  of  DNA  repair  (7),  and  activation 
of  cellular  enzymatic  processes  (5).  Studies  by  Zheng  cl  ai 
(P)  and  Smoluk  ei  ai  (70)  have  demonstrated  the  impor¬ 
tance  of  the  interaction  of  molecules  of  the  radioprotective 
compounds  with  DNA. 

Recently  Foyeand  co-workers  (77,  72)  have  introduced  a 
new  class  of  radioprotective  compounds,  the  bis-meth- 
ylthio-  and  mcthylthioamino-dcrivativcs  of  l-mcthylqui- 
nolinium  iodide  and  l-methylpyridinium-2-dithiodcetic 
acid.  Although  not  investigated  as  extensively  as  the  ami¬ 
nothiols,  these  compounds  have  been  reported  to  provide 
reasonable  protection  to  mice  at  drug  doses  much  lower 
(below  10  mg/kg)  than  those  required  for  aminothiols 
(150-600  mg/kg)  administered  intraperitoneally.  In  addi¬ 
tion,  several  compounds  in  this  class  have  been  shown  to 
exhibit  significant  antileukemic  activity  {13),  Detailed  stud¬ 
ies  of  the  interactions  of  these  quinolinium  derivatives  with 
DNA,  similar  to  those  carried  out  with  WR-1065  and  VV'R- 
2721  (9,  10),  have  not  been  performed.  However,  these 
compounds  have  been  shown  to  bind  to  DNA  and  to  in¬ 
hibit  polymerase  activity  {14). 

Because  the  effectiveness  of  radioprotective  agents  may 
depend  on  their  physical  binding  to  DNA  (P,  JO),  vve  inves¬ 
tigated  the  physicochemical  characteristics  of  the  interac¬ 
tion  of  the  radioprotcctor  2-(mctliyIthio]-2-piperidino  de¬ 
rivative  of  I-mclhyl-2-vinyl  quinolinium  iodide  (VQ)  with 
supercoiled  DNA  (plasmid  pIBI30).  Linear  dichroism  mea¬ 
surements  provide  evidence  that  the  interaction  of  this 
compound  with  DNA  is  primarily  intcrcalativc  in  nature. 
This  conclusion  is  supported  by  the  observation  that  the 
noncovaicnt  binding  with  supercoiled  DNA  produces  a 
conccnlration-dcpcndcnt  unwinding  of  the  supcrhclical 
turns.  The  possible  importance  of  complex  formation  of 
radioprotective  agents  with  DNA  is  discussed. 


MATERIALS  AND  METHODS 

pIBUO  ^2926  ba^  pairx)  was  isolated  from  lA\,hctiJna  i<//i  by 
alkaline  ly'sis  methods  ( 13),  The  260/280  nm  absorbance  ratio  of  all  super* 


0033.7587^^11  S3  00 


138 


wm 


INTERACTION  OF  SUPERCOILED  DNA  WITH  A  RADIOPROTECTOR 


139 


Product  I 


INaOH.  H2O 
Toluene 


Catbon 
DisuHk^e 

4-4- 

© 

CH3  CH3 

+  H- 


SCM3 
SCH3 

CH3 

Product  tn 

nC  L  S)nthcsii  !  mclhvi  2  [2  imcthvIihiu^2-pipi;rdinu>»n>IJ- 
qulnolinium  iodide. 


Product  ii 


coiled  DNA  samples  'v^as  at  least  K85.  which  is  indicative  of  a  low  protein 
contamination. 

The  radioprotcclor  VQ  was  synthesized  following  closely  the  approach 
described  by  Poyc  ci  ai  (//.  13).  All  reagents  were  obiaincd  from  Aldrich 
Chemical  Company.  Initially  50g(0J5  moI)ofqumohncand49.7  g(0,3^ 
mol)  of  iodomethase  v\crc added  to  260  ml  of  1 -butanol  and  were  reduxed 
for  4  h  and  then  cooled  in  an  lec  bath  for  30  mtn.  The  yellow  product 
ll-methylquinohnium  iodide,  MW  =  285.12,  product  I  in  Fig.  I)  was 
collected  b>  vacuum  filtration  and  washed  with  l-butanol.  l-Mcihylqui- 
nohnium  iodide  t35.u  g.  or  0. 1 23  mol)  w-as  dissolved  in  100  ml  of  I  I^O  to 
which  500  ml  of  toluene  w^  added,  follow'cd  by  3&  gof  50rc«  tNaOH).  The 
solution  wiis  stirred  1  h  at  room  temperature,  and  the  toluenephasewas 
subsequentlv  decanted  into  a  beaker  containing  After  10  min.  the 

toluene  was  transferred  to  3  t-hicr  round-bottom  Hask,  14.05  g(0.1S5  mol) 
of  CSj  was  addcti,  and  the  fiask  sliakcn  vigorously,  stoppered,  and  tell 
overnight  at  room  icmpcraiure.  The  green  product  wascollcacd  by  vac* 
uum  filtration  and  resuspended  in  lUb  mi  ot  dimcihyifcrmamide(DMP) 
with  52.3  g  (0,37  mob  ofCHjI.  and  stirred  overnight  at  room  temperature. 
The  yellow -green  prcvipiiatc  was  collected  by  vacuum  hliraitoi:.  washed 
with  a^cionc,  and  then  rccrysulhzcd  (mm  water.  About  4.0 got  the  bronze 
^.rystals.  «.ollccicd  by  vacuum  (illratiun.  was  dissolved  in  h5  ml  o!  DMH 
with  0.937  gfO.OI  I  mol)  of  piperidine.  TIic  flask  was  sealed  with  a  drying 
tube  and  stored  at  35*C  for  6  day^  Toluene  vvas  then  carefully  added 
(appro.ximatcly  425  ml)  until  the  solution  turned  dark  orange,  and  was 
stored  at  20*C  until  orange  crystals  were  observed  to  grow.  Crystalstfinal 
product)  were  collected  by  vacuum  filtration  and  rccrystallizcd  from  2* 
propanol  (mp  I93“l95*<2).  The  yields  of  I-mc(h>lquino1inium  iodide, 
product  111.  and  the  final  product  were,  respectively.  35. 4.4.  and  1.2*7  of 
the  starling  chemical,  quinoHne.  The  identities  of  the  intermediate  prod¬ 
ucts.  as  well  as  that  of  the  final  product,  were  analyired  by  proton  NMR 
spectroscopy. 

All  equilibrium  dialysis  and  linear  dichroism  expenmenu  were  con¬ 
ducted  at  4*C  in  TE  buffer #5  m.UTris,  I  m\f  ODTA.  pif  7.9). 

I'be  principles  of  the  linear  dichroism  technique  have  been  discussed  in 
detail  Hy  Frcilericq  and  noii5sierf/6).  Our  layout  of  the  linear  dichroism 
cvpcr^mcnl.  which  is  based  on  hydr.nl  *namiwonwntation  jfih.  DNA  m 
aqueous  solutions  in  a  Couette  cell,  is  shown  in  Fig.  2,  The  Couette  cell 


consists  of  two  concentric  quartz  cylinders,  a  stationary'  outer  cylinder,  and 
a  rotating  inner  cylinder  (17).  The  inner  diameter  of  the  outer  stationary 
cylinder  is  26  mm,  while  the  outer  diameter  of  the  rotating  inner  cylinder  is 
25  mm.  The  aqueous  DNA  solution  is  placed  in  the  0.5-mm  annular 
space,  and  rotation  of  the  inner  cylinder  causes  a  p^tnial  alignment  of  the 
DNA  molecules  with  their  long  axes  parallel  to  the  flow  lines  in  a  plane 
perpendicular  to  the  axis  of  rotation.  The  linear  dichroism  (LD)  is  defined 
by 


LD  A:}  “  /li. 


(1) 


where  and  arc  the  absorbances  of  the  solutions  measured  with  the 
polarization  vector  of  the  light  beam  oriented  either  parallel  or  perpendicu¬ 
lar,  respectively,  to  the  direction  of  flow.  This  flow*  linear  dichroism  system 
requires  a  sample  volume  of  approximately  1.5  ml.  in  this  work.  DNA 
concentrations  of  7.5  X  10  ^10  1,5  x  lO"*  3/ (expressed  in  concentrations 
of  phosphate)  wxtc  utilized  since  reasoiiable  signal/noisc  ratios  were  ob¬ 
tained  at  these  concentrations.  Absolute  linear  dictiroism  v'alucs  were  ob¬ 
tained  bycalibraiingthc  linear  dichroism  apparatus  asdcscribed  by  Breton 

ciaLuh 

lltc  equilibrium  dialyMb  cxpcnmcnis  were  performed  by  placing  2  ml  of 
a  pIBI30  DNA  solution  ( 1 75 /i.U)  in  dialysis  bags(Spcctra/Por,  6000-8000 
molecular  weight  cut-off.  Spectrum  Medical  Industries,  Inc,  Los  Angeles, 
CA)  which  were  suspended  in  6.0  ml  of  solutions  ordiffcieni  concentra¬ 
tions  of  VQ.  Dialv^sis  w’as  carried  out  for  4  days  at  4*C;  the  absorbance 
spectra  both  in  and  out  of  the  dialysis  bags  wvne  then  determined  at  the 
same  temperature  using  a  Hewlett-Packard  8451  diode  array  absorp¬ 
tion  spccirophoiometer  The  concentration  of  free  VQ  was  calculated 
from  the  absorbance  at  452  nm  using  a  molar  extinction  cocflicicnt  of 
45.000  cm’». 

Thermal  dcnaturalion  measurements  were  performed  using  a  Hewlett- 
Packard  8450  diode  array  spectrophotometer  equipped  with  an 
HP89 1 00 A  temperature  control  station.  The  temperature  was  increased 
0  5*C/2  5  min.  the  absorbance  at  260  nm  was  measured  once  a  second  for 
30  s.  and  the  average  was  then  recorded.  Samples  (50  p!B!30  DNa) 

were  mixed  with  a  magnetic  stirrer  throughout  the  experiment  All  solu¬ 
tions  were  dcoxygenated  by  purging  wiih  either  argon  or  niirogcn.  and  ihc 
cuvettes  were  capped  ii^tly  with  a  rubber  septum. 

The  circular  dichroism  spectra  were  recorded  using  a  Ja.vco  DP-50  IN 
CD  'msirumcnt  The  rignal  averaged  spectra  were  recorded  at  ambient  tem¬ 
perature  (20*0  from  200  to  500  nm  at  0.2-nm  intervals  in  I<m  path- 
length  cells  under  a  constant  flow  of  niirogcn  gat  The  data  were  trans¬ 
ferred  to  a  V^  \X;VNiS  computer  system.  Ixiselinc-corTectcd,  and  plotted 
using  RS/Explore  software.  Molar  cilipiidty  values  are  based  on  calibra¬ 
tions  using  the  Jasco  standard  ammonium  J-IO-camphorsulfonatc  solu¬ 
tions. 


FIG.  Z.  Svhcm4i-«.  of  the  flow  linear  d.chrotsm  aj^ratus  (see  text  for 
detidsk 
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300  400  500 

Wavelength  (nm) 

riG.  3.  <A>  Abj>orpUuJi  uf  a  dialy/.cd  hnc)  V  Q-DNA 

buiuiion  ^cuntcab  ui  a  dMl>sis  bag,  DNA  contcntratiun  173  /i3/,  bound 
VQ  concentration  8  8  -  0  05),  free  VQ  concentration  66  m3/). 

Dashed  line:  absorption  spectrum  of  the  DNA  solution  (175  iiM)  in  the 
absence  of  VQ.  Doited  curve:  absori)tion  spectrum  of  VQ  bound  to  DNA 
(obtained  by  subtracting  an  absorption  spectrum  of  the  solution  outside  of 
the  dialysis  bag  fi om  iho  absorption  spectrum  of  the  contents  of  thcdialysis 
bag;  and  normalised  at  the  inaMinum  of  the  overall  absorption  spectrum 
of  VQ  (bound  1  free)  to  allow  for  easy  comparison  (B)  Solid  line,  linear 
dichroism  spectrum  of  the  contents  of  the  dialysis  bag  (only  bound  VQ 
molecules  contribute  to  the  linear  dichroism  spectrum).  Daslicd  line:  re¬ 
duced  linear  dichroism  spectrum  (LD//b  m  arbitrary  units)  within  the 
400-500  nm  absorption  band  of  VQ;  the  LD//I  values  were  calculated 
using  the  absorption  spectrum  of  bound  VQ  molecules  (dotted  curve  in 
part  A).  The  absorption  spectra  were  determined  using  a  0.4-cm  light  path 
length. 


RESULTS 

Linear  Dichroism 

Figure  3A  shoves  a  t>pAaI  absorption  spectrum  of  the 
supercoiled  DNA  (dashed  line)  and  ofadiaI>zcd  solution  of 
VQ  and  DNA  (solid  line),  this  solution  represents  an  ali¬ 
quot  withdraw  n  from  the  contents  of  a  dialysis  bag  contain¬ 
ing  DNA,  as  well  ao  free  and  bound  VQ  molecules,  which 
had  been  equilibrated  against  a  solution  containing  only 
free  VQ  molecules  outside  the  dialysis  bag.  The  dotted  line 
in  Fig.  3A  represents  the  difference  absorption  spectrum 
(inside  outside  the  dialysis  bag),  and  is  thus  due  solely  to 
VQ  molecules  bound  to  the  DNA,  this  spectrum,  normal¬ 
ized  to  the  absorption  spectrum  of  the  solution  inside  the 
dialysis  bag  for  ease  of  eomparisun,  is  somewhat  broader  on 
the  long-wavelength  side,  and  was  used  to  calculate  the  re¬ 
duced  linear  dichroism  spectrum  (see  Fig.  3). 

The  linear  dichroism  spectrum  of  the  VQ-DNA  solution 
(Fig.  3A,  solid  line)  is  shown  in  Fig.  3B.  Because  the  planes 
of  the  DNA  bases  tend  to  be  tilted  perpendicular  to  the  flow 


lines,  the  linear  dichroism  signal  within  the  DNA  absorp¬ 
tion  band  (below  300  nm)  is  negative  in  sign,  as  is  evident  in 
Fig.  3B.  Intercalated  planar  molecules  also  display  a  nega¬ 
tive  linear  dichroism  signal  within  their  own  absorption 
bands  if  the  transition  moments  are  parallel  with  those  of 
the  DNA  bases.  Below  300  nm  there  is  an  overlap  of  the 
DNA  and  VQ  absorption  bands  and  linear  dichroism  sig¬ 
nals.  However,  the  broad  absorption  and  linear  dichroism 
band  centered  near  450  nm  is  due  uniquely  to  DNA-bound 
VQ  molecules  since  free  ligand  molecules  do  not  contribute 
to  the  linear  dichroism  spectrum.  Since  the  linear 
dichroism  spectrum  between  400  and  500  nm  is  negative  in 
sign,  the  transition  moment  of  VQ  tends  to  be  tilted  perpen¬ 
dicular  to  the  flow  direction.  While  the  polarization  of  this 
transition  dipole  moment  has  not  been  determined  explic¬ 
itly,  it  is  reasonable  to  assume  that  this  transition,  because 
of  its  obvious  tt-tt*  origin,  is  polarized  within  the  plane  of 
the  aromatic  ring  system.  Since  the  planes  of  the  DNA 
bases  also  tend  to  be  tilted  perpendicular  to  the  flow  direc¬ 
tion  (79),  the  negative  linear  dichroism  band  in  the  400- 
500  nm  region  is  consistent  with  (but  does  not  necessarily 
prove)  an  intercalative  complex  conformation.  This  hy¬ 
pothesis  can  be  tested  further  by  comparing  the  relative 
magnitudes  of  the  reduced  linear  dichroism,  \S>1A  (LD  and 
A  are  the  magnitudes  of  the  linear  dichroism  and  absor¬ 
bance  signals,  respectively),  evaluated  within  the  DNA  ab¬ 
sorption  band  at  258  nm  and  within  the  VQ  absorption 
band  at  452  nm.  The  reduced  linear  dichroism  is  defined  as 
(77,  79) 

LD//1  -  |<3  cos^  0  -  1>F,  (2) 

where  7^  (0  <  7^<  1)  describes  the  degree  of  orientation  of 
the  DNA  in  the  hydrodynamic  flow  gradient,  while  0  de¬ 
notes  the  angle  formed  by  a  vector  along  the  flow  direction 
and  the  oriented  molecular  transition  dipole  moment.  For 
homogeneous  binding  (when  all  of  the  bound  molecules  are 
characterized  by  the  same  absorption  spectrum  and  the 
same  value  of(?),  the  reduced  linear  dichroism  is  expected  to 
be  independent  of  wavelength  within  the  absorption  b^^nd 
between  400  and  500  nm  (assuming  that  the  electi.  j 
transition  moment  giving  rise  to  this  absorptf  m  band  is 
also  homogeneous).  The  wavelength  dependence  ofLD/>l 
calculated  from  the  linear  dichroism  signal  and  the  absor¬ 
bance  of  the  bound  VQ  molecules  (dotted  curve  in  Fig.  3A) 
is  shown  in  Fig.  3B  (dashed  line).  The  reduced  linear 
dichroism  does  not  vary  by  more  than  10-15%  within  the 
indicated  wavelength  region,  suggesting  that  there  is  one 
major.and  primary  binding  site  {14),  the  small  decrease  in 
the  magnitude  ofLD/.J  with  increasing  wavelength  suggests 
nevertheless  that  minor  proportions  of  bound  VQ  mole¬ 
cules  with  nonintercalative.,  conformations  may  also  be 
present. 

The  orientation  of  the  VQ  transition  moment  vector  rela- 
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FIG.  4.  Reduced  linear  dichroism  spectra  evaluated  at  (O)  258  nm 
within  the  DN  \  absorption  region.  and  at  (•)  452  nm  within 

the  VQ  absorption  region,  (LD/  1)45^,  as  a  function  of  the  binding  ratio, 
(bound  VQ)/(DN\  nucleotide).  The  conccniialion  of  DNA-bound  \Q 
molecules  was  determined  b>  c\tuilibriufn  dial>sis.  and  the  DNA  concen¬ 
tration  in  these  experiments  was  250 


CEthidium] 

CDNA3 

FIG.  5.  Changes  in  superhelieitj  of  pIBI30  supcrcoiled  DNA  as  a 
funetion  of  added  elhidium  bromide  measured  b>  the  flow  linear 
dii.hroisni  method.  Tlic  linear  dieliroism  signals  were  measured  at  258  nm. 
The  DNA  eoiKentration  was  0.1 9  nuU.  In  this  range  of  molar  [ethidiumj/ 
[DNA  nucleotidej  ratios,  at  least  95%  of  the  added  ethidium  molecules  arc 
bound  to  the  DNA  (20). 


live  to  the  average  orientation  of  the  in-plane  transition 
moments  of  the  DNA  bases  can  be  estimated  by  evaluating 
the  ratio  R  which  is  defined  as 

R  =  (rDAI)a52  _  (3  COS^  OyQ  —  1)452  I  Q  r-is 
(LD//1)255  (3  COS^  t^DNA  ■“  0258 

where  (LD//-1)452  and  (LD//1)258  are  the  reduced  linear 
dichroism  values  determined  at  452  and  258  nm,  respec¬ 
tively.  When  the  7?-ratio  is  equal  to  unity,  the  in-plane  po¬ 
larized  transition  dipole  moments.of  the  nucleic  acid  bases 
and  those  of  bound  drug  molecules  are  tilted  at  the  same 
average  angle  with  respect  to  the  flow  direction,  as  expected 
for  an  intercalative  complex.  The  /^-ratio  is,  within  experi¬ 
mental  error,  constant  and  equal  to  unity  for  the  entire 
range  of  /b  values  (bound  VQ  molecules/nucleotide)  uti¬ 
lized  in  these  experiments  (Fig.  4),  thus  further  supporting 
the  intercalation  model  of  binding  of  VQ  to  DNA. 

The  results  depicted  in  Fig.  4  also  demonstrate  that  the 
magnitude  of  the  linear  dichroism  signal  increases  with  in¬ 
creasing  level  of  binding  when  /‘b  >  0.02.  As  was  demon¬ 
strated  earlier  {20),  this  behavior  is  exhibited  by  the  classical 
intercalator  ethidium  bromide  (EB).  which  is  known  to 
cause  unwinding  upon  binding  to  supercoiled  DNA  by  an 
intercalation  mechanism  {21).  As  the  EB  binding  ratio  is 
increased  from  4  =  0  to  =  0.04,  the  unwinding  causes  the 
hydrodynamic  volume  of  the  supercoiled  molecules  to  in¬ 
crease,  thus  leading  to  a  larger,  negative  linear  dichroism 
signal  {20). 

In  the  case  of  pIBI30,  the  EB-induced  minimum  in  the 
linear  dichroism  signal  is  achieved  at  /b  =  0.035  ±  0.003, 
corresponding  to  complete  relaxation  of  super  coils  and  the 
formation  of  covalently  closed,  relaxed  circular  DNA. 
When  /'b  >  0.035,  a  rewinding  of  the  DNA  is  observed, 
which  causes  the  linear  dichroism  signal  to  diminish  when 


the  EB  concentration  is  increased  further  {20).  A  typical 
ethidium-pIBI30  supercoiled  DNA  titration  curve  mea¬ 
sured  by  the  flow  linear  dichroism  method  {20)  is  shown  in 
Fig.  5.  In  the  case  of  VQ,  the  rewinding  effect  was  not  ob¬ 
served  within  the  ranges  of  VQ  concentrations  utilized  in 
our  experiments  (Fig.  4).  At  the  highest  VQ  binding  ratio 
used,  /‘b  =  0.035,  the  magnitude  of  the  linear  dichroism 
signal  is  only  2.5  larger  than  in  the  absence  of  drug  when  r 
=  0.  The  difference  between  the  magnitudes  of  the  LDIA 
data  points  at  r  =  0  and  in  the  region  of  r  =  0.01-0.02  is 
deemed  too  small  to  be  significant.  The  scatter  in  the  452- 
nrri  data  points  at  low  values  of  r  are  consistent  with  the 
errors  in  the  measured  absorbances  at  low  values  of  VQ. 
The  use  of  VQ  concentrations  corresponding  (o  r>  0.04- 
0,05  is  difficult  because  of  the  high  absorbances  of  the  solu¬ 
tions  which  interfere  with  the  accurate  recording  of  the  lin¬ 
ear  dichroism  signals.  However,  in  EB  unwinding  experi¬ 
ments,  the  signals  of  completely  relaxed  pIBI30  are  3.5-4.0 
greater  than  those  of  the  supercoiled  form  (Fig.  5,  for  exam¬ 


ple.  6.  Absorpiion  spccira  of  free  VQ  (2  ^A/)  in  TE  bullcr  solution 
(solid  imej.  and  m  the  prcscnec  of  an  c.vccssof  DNA  ( 1 .2  in  A/,  dashed  line). 
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FIG.  7.  Circular  dichroism  spectrum  (molecular  cllipliciiy  vs  wave¬ 
length)  of  supercoiled  DNA  (200  nM)  with  50  nM  of  VQ  in  TE  bulFer 
minus  the  circular  dichroism  spectrum  of  50  fiM  of  VQ  in  TL  bufTcr. 
Molecular  cllipUcU)  is  the  clliplicU)  (iii  degrees)  divided  b>  the  molar 
concentration  (mol/litcr)  per  unit  path  length  (cm). 


pic).  We  therefore  conclude  that  VQ  is  not  as  effective  as  EB 
in  unwinding  supercoiled  DNA. 


circular  dichroism  spectrum  could  be  indicative  of  the  ori¬ 
entation  of  the  transition  moment  {22,  23)  relative  to  the 
in-plane  transition  moments  of  the  nucleotide  base  pairs. 

Equilibrium  Dialysis 

The  calculations  of  the  fractions  of  VQ  molecules  bound 
to  DNA,  from  which  the  rb  ratios  shown  in  Fig.  4  were 
deduced,  were  obtained  from  equilibrium  dialysis  measure¬ 
ments  at  4°C.  In  these  experiments,  the  concentrations  of 
free  VQ  molecules  (Cf)  were  deduced  from  the  absorption 
spectra  of  the  dialysates,  while  the  concentration  of  bound 
VQ  molecules  was  calculated  from  the  total  concentration 
and  the  values  of  Cf.  These  binding  data  were  analyzed  in 
terms  of  the  McGhee-von  Hippel  equation  {24),  which 
takes  into  account  the  number  (n)  of  binding  sites  (base 
pairs)  which  are  not  available  to  a  second  ligand  molecule 
after  the  binding  of  the  first  ligand.  A  typical  plot  (r/Cf  ver¬ 
sus  Cf,  where  r  is  now  defined  as  the  number  of  ligand 
molecules  bound  per  base  pair)  is  shown  in  Fig.  8;  the  equi¬ 
librium  dialysis  data  from  which  this  plot  was  calculated  are 
presented  in  Table  I.  The  dashed  line  in  Fig.  8  is  a  theoreti¬ 
cal  fit  of  the  McGhee-von  Hippel  equation  (24): 


Absorption  and  Circular  Dichroism 

Typical  absorption  spectra  of  a  2  pM  VQ  buffer  solution 
and  the  same  solution  containing  an  excess  of  DNA  (1.2 
m.U)  are  show  n  in  Fig.  6.  Under  these  conditions,  there  is  a 
decrease  observed  in  the  molar  extinction  coefficient  of  VQ 
of  35%  (hypochromic  effect)  and  a  small  red  shift  in  the 
absorption  maximum  (at  most  1-2  nm).  These  results  are 
consistent  with  intercalative  binding  {19)  and  suggest  that 
an  appreciable  fraction  of  the  VQ  molecules  is  bound  to  the 
DNA  (see  Fig.  6). 

A  circular  dichroism  spectrum  of  VQ-DNA  complexes  is 
shown  in  Fig.  7.  In  the  absence  of  DNA,  the  VQ  solutions 
did  not  exhibit  any  measurable  circular  dichroism  signal. 
However,  in  DNA  solution  ([VQ]  =  50  pM,  [DNA]  =  200 
pM),  a  prominent  negative  circular  dichroism  signal  cen- 
t  red  at  452  nm  is  observed.  It  is  apparent  that  the  circular 
dichroism  spectrum  is  induced  in  nature,  since  it  has  a 
shape  resembling  the  inverted  absorption  spectrum.  It  has 
been  shown  (22)  that  both  the  sign  and  the  magnitude  of  the 
induced  circular  dichroism  for  DNA  intercalators  depend 
on  ( 1)  the  lateral  displacement  of  the  intercalator  relative  to 
the  surrounding  base  pairs  at  the  intercalation  site,  (2)  the 
orientation  of  the  intercalator  transition  moment  in  the 
plane  parallel  to  those  of  the  base  pairs,  and  (3)  the  particu¬ 
lar  base  pairs  surrounding  the  molecule.  Thus  the  circular 
dichroism  spectrum  shown  in  Fig.  7  is  consistent  with  an 
intercalative  interaction  mode  since  an  isolated  long-wave¬ 
length  electric-dipole  transition  of  a  DNA  intercalator 
should  have  the  same  shape  and  position  as  that  of  the 
corresponding  absorption  band.  The  negative  sign  of  the 


1  —  nr  y-i 


(4) 


where  K  is  the  association  constant.  This  multiple-site  ex¬ 
clusion  model  provides  a  reasonable  fit  to  the  data  with  K 


r  (Moles  Bound/Moles  Of  DNA  Base  Pair) 


nC.  8.  SLulchard  plot  denoting  the  number  of  moles  free  V'Q  ligand 
(C,)  versus  r  (moles  VQ  bound  per  base  pair).  The  solid  circles  denote  the 
experimental  points.  The  solid  line  is  a  least-squares  fit  of  Eq.  (5)  to  the 
expcnmcntal  data  points  with  ftO)  =  4.2,  K  ~  7600  Ar',  and  ;i  =  3. 1 .  The 
dashed  line  represents  a  least-squares  fit  ot  Eq.  (4)  to  the  data  points  with  A 
=  7 100  Ar*  and  «  =  5.3. 
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TABLE  I 

Concentrations  of  Free  (C()  and  Bound  (C(,)  VQ  Molecules  in 
a  Typical  Dialysis  Experiment  Performed  at  4-C,  at  a  Fixed 
DNA  Concentration  (175  Nucleotide  Concentration,  or  87.5 
iiM  Concentration  of  Base  Pairs);  These  Data  Were  Lsed  to 
Construct  the  Scatchard  Plot  in  Fig.  8 


C(lnM) 

K4l 

0.730 

3.00 

1.67 

5.78 

2.73 

10.3 

4,00 

11,4 

4.00 

14.6 

4.60 

19.7 

5.40 

32.7 

6.20 

46.7 

8.20 

57.3 

8.30 

65.6 

8.80 

=  7100  A'/  '  expressed  in  moles  of  base  pairs  and  n  =  5.3 
(see  dashed  curve  in  Fig.  8). 

Since  the  DNA  molecule  is  negatively  charged,  we  expect 
that  there  is,  in  addition  to  theelfectsof  multiple-site  exclu¬ 
sion,  a  polyelectrolytic  contribution  to  the  drug-DNA  in¬ 
teraction  which  gives  rise  to  anticooperative  binding  effects. 
For  umvalently  charged  drug-DNA  intercalative  binding 
in  the  presence  of  an  excess  of  umvalently  charged  salt  ions, 
Friedman  and  Manning  (25)  and  Friedman  et  al.  (26)  have 
shown  that 


f  _  j^/2  -h  r\  - 12  +  2nw)t 


Q  \2  -  r, 


^  I Q  i  I  302r«(0)(2  -  r)  +  2.604r/(l  +  r)l 

1  -  fir 


X  (1  -  fir) 


1  -(fi-  l)r 


,  (5) 


where  ?(0)  is  the  charge  density  parameter  of  the  polyion  in 
the  absence  of  bound  ligands. 


m  = 


where  q  is  the  charge  of  an  electron,  e  is  the  bulk  dielectric 
constant  cf  the  liquid,  is  Boltzmann's  constant,  and  b  is 
the  charge  spacing  on  the  polyion  chain.  The  solid  curve  in 
Fig  8  is  a  least-squares  fit  of  Eq.  (5)  to  the  data  treating  the 
exclusion  parameter  n  and  the  association  constant  K 
'  7600  \I~'  as  variables  with  |(0)  4.2.  It  .  evident  that 

the  polyelectrolytic  contribution  to  bin-’  i  g  i,  quite  small, 
although  its  inclusion  does  lower  the  inferred  magnitude  of 
fi  to  a  mcT  realistic  value  representative  of  intercalative 
binding.  This  value  of  « (  ~  3)  suggests  that  a  bound  ligand 
molecule  excludes  the  binding  of  other  ligands  from  the  two 
nearest  neighbor  base  pairs. 


Mellift}'  Curves 

Thermal  denaturation  curves  (not  shown)  for  VQ  (50 
M-I/)  interacting  with  supercoiled  plBI30  DNA  (50  in 
TE  buffer  give  an  increase  in  T„  of  2.5°C.  This  is  quite 
small  as  compared  to  the  stabilization  provided  by  external 
(primarily)  electrostatic  binding  molecules  such  as  putres- 
cine.  For  example,  Morgan  el  al.  {27)  reported  an  increase 
in  7',,,  ( A7'n,)  of  28.5°C  for  calf  thymus  DNA  (25  fiM)  in  the 
presence  of  50  ixM  putrescine  in  1.5  mM  NaCl  solutions. 
A  A7'n,  of  2.5°C  for  VQ-DNA  is  similar  in  magnitude  to 
the  value  of  7.5°C  for  l-melhyl-2-bis[(2-methylthio)- 
vinyljquinolinium  iodide  (product  III  in  Fig.  7)  reported  by 
Foye  et  al.  {14),  and  is  consistent  with  the  corresponding 
association  constant.  We  conclude  that  VQ  does  not  appear 
to  enhance  the  stability  of  DNA  significantly. 

DISCUSSION 

Our  spectroscopic  data  provide  evidence  that  VQ  inter¬ 
acts  with  DNA  primarily  by  intercalation  with  an  associa¬ 
tion  constant  K  ^  7300  ±  300  M~',  which  is  much  smaller 
than  that  of  ethidium  bromide-DNA  (AffEB)  »  10’- 10^ 
M~\  depending  on  experimental  conditions  {28,  29)).  The 
value  of  K  for  VQ  is  similar  to  those  reported  by  Foye  el  al. 
{30)  for  several  V-heterocyclic  substituted  aminoethyl  disul¬ 
fides  at  similar  ionic  strengths,  and  a  factor  of  10  less  than 
the  binding  of  l-methyl-2-bis[2-(methylthio)-vinyl]quino- 
linium  iodide  (product  III,  Fig.  1);  furthermore,  it  is  interest¬ 
ing  to  note  that  the  DNA  binding  constant  decreases  by  a 
factor  of  70  when  a  methyl  group  is  present  at  the  6-position 
of  the  quinolinium  ring  of  product  III  {14).  Thus  a  small 
substituent  on  the  aromatic  quinolinium  ring  system  ean 
exert  a  profound  influence  on  the  noncovalent  DNA  associ¬ 
ation  constant. 

It  is  not  known  whether  binding  of  radioprotective  agents 
to  DNA  is  or  is  not  important  in  determining  their  efficien¬ 
cies  as  radioprotectors.  Foye  et  al.  {14)  studied  the  binding 
to  calf  thymus  DNA  of  a  series  of  aminoalkyl  thiosulfates 
and  heterocyclic  aminoethyl  disulfides  and  concluded  that 
DNA  binding  for  this  class  of  compounds  was  not  a  require¬ 
ment  for  radioprotective  efficiency.  However,  Ward  (2) 
came  to  the  opposite  conclusion  for  aminothiols  by  noting 
that  their  radioprotective  effects  are  observed  at  relatively 
low  aminothiol  concentrations  (2-5  mM);  based  on  known 
aminothiol-hydroxyl  radical  scavenging  rate  constants, 
comparable  radioprotective  effects  would  be  expected  at 
much  higher  concentrations  (50  mM)  of  radioprotectors. 
Ward  (2)  speculated  that  aminothiols,  especially  those  with 
positive  charges  (9)  which  tend  to  associate  with  the  nega¬ 
tively  charged  DNA,  are  able  to  concentrate  near  the  DMA 
molecules,  thus  providing  high  local  concentrations  of 
these  radioprotective  agents  for  effective  scavenging  of  radi¬ 
cals  produced  by  ionizing  radiation.  Thus  radicals  formed 
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on  the  DNA  can  be  quenched  b>  h>drogen  atom  transfer, 
and  h>drox\l  radicals  produced  in  the  aqueous  environ¬ 
ment  can  be  prevented  from  reaching  the  DNA  molecules 
b>  these  large  local  concentrations  of  radioprotective 
agents.  This  h>pothesis  is  supported  b>  the  observation  that 
negativel>  charged  ami  nothiols  have  low  radioprotective 
efficacies  (9,  10). 

Significant  radioprotection  in  the  case  of  wholc-bod> 
irradiation  of  mice  tiO  G>)  was  observed  at  doses  of  VQ  of 
^2.5  mg;  kg,  i.e.,  at  dose  levels  50-100  times  smaller  than 
those  required  for  typical  aminolhiol  derivatives  (/7).  It 
was  therefore  concluded  that  these  two  different  classes  of 
compounds  exert  their  radioprotective  effects  by  different 
mechanisms. 

The  apparent  DNA  binding  affinities  of  VQ  and  the 
aminothiol  \VR-1065  appear  to  be  similar  (/O).  Because  of 
the  relatively  low  value  of  K  (=7300  ±  300  M’S  expressed 
in  concentrations  of  base  pairs),  a  substantial  fraction  of 
VQ  molecules  are  not  associated  with  DNA  under  the  con¬ 
ditions  of  the  dialysis  experiments  (DNA  concentration 
175  total  VQ  concentration  in  the  range  of  10-400 
piM).  If,  in  vivo,  there  is  an  analogous  distribution  of  VQ 
molecules  between  DNA  and  other  macromolecular  bind¬ 
ing  sites  and  in  the  free  state,  VQ  molecules  can  scavenge 
radicals  when  they  either  are  associated  directly  with  DNA 
molecules  or  are  located  relatively  far  from  DNA  mole¬ 
cules.  The  rate  of  scavenging  of  hydroxyl  radicals  by  VQ  is 
not  known,  although  it  certainly  cannot  be  larger  than  the 
diffusion-limited  value  of  1.3  a  10’^  mol’  dm^s*’  for  gluta¬ 
thione  reported  b>  Quinliliani  ci  al  (31).  AT  ph>sioIogical 
pH  values,  VQ  is  positively  charged.  Its  concentration 
within  the  immediate  neighborhood  of  DNA  is  thus  ex¬ 
pected  to  be  significantly  higher  than  in  the  bulk  phase;  in 
contrast,  the  oxidized  form  of  glutathione  is  negatively 
charged  and  its  concentration  is  expected  to  be  low  near  the 
DNA  molecule  (32).  For  these  reasons,  radical  scavenging 
by  VQ  is  expected  to  be  significantly  lower  than  scavenging 
by  glutathione  in  the  bulk  phase,  however,  within  the  2-to- 
3-nm  water  la>er  surrounding  the  DNA,  radical  scavenging 
by  VQ  rather  than  by  glutathione  is  likely  to  be  more  im¬ 
portant.  Because  only  those  hydroxyl  radicals  which  are 
formed  within  the  immediate  vicinity  (2-3  nm)  of  DNA  are 
of  importance  for  creating  DNA  damage  (70),  even  small 
concentrations  of  VQ  (relative  to  glutathione)  could  be  sig¬ 
nificant  as  hydroxyl  radical  scavengers  in  cellular  radiopro¬ 
tection.  Furthermore,  l-mcth>I-2-[2-(mcth>lthio)-2-piper- 
idinovinyl]quinolinium  iodide  is  a  molecule  that  is  capable 
of  undergoing  a  variety  of  reactions  in  addition  to  free  radi¬ 
cal  addition.  The  methylthio-pipcridinovinyl  moiety  is  es¬ 
sentially  a  ketenc  thioaminal  and  is  capable  of  undergoing 
addition  reactions  with  both  nucleophiles  and  electro¬ 
philes,  as  well  as  cycloaddition  reactions  in  a  manner  analo¬ 
gous  to  those  of  ketene  aminal  and  thiokctal.  Hydrolysis  of 
this  moiet>  to  the  kctcnc  form  could  then  rcadil>  undergo 


reactions  with  water,  amino,  hydroxyl,  and  other  chemical 
groups.  Nucleophilic  addition  is  also  possible  on  the  quino- 
linlum  ring,  with  the  2-  and  4-positions  being  the  most  reac¬ 
tive.  Reactions  at  these  sites,  however,  would  not  be  as 
likely  under  ph>siological  conditions. 

Finall>,  the  possibility  of  designing  VQ  molecules  with 
different  substituents,  and  thus  different  DNA-binding  af¬ 
finities  (7^),  suggests  that  this  series  of  molecules  could  be 
used  to  test  the  importance  of  DNA  binding  in  radioprotec¬ 
tion,  and  thus  provide  some  clues  to  the  molecular  mecha¬ 
nisms  involved. 
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In  this  study,  hypoglycemia  induced  by  ii\jection  of  lipopolysaccharide  (LPS)  or  the  recombinant  cytokine 
interleukin-la  or  tumor  necrosis  factor  alpha  (administered  alone  or  in  combination)  was  compared.  LPS- 
induced  hypoglycemia  was  reversed  significantly  by  recombinant  interleukin- 1  receptor  antagonist. 


Among  the  varied  responses  elicited  by  administration  of 
lipopolysaccharide  (LPS)  m  vivo  is  a  modulation  of  glucose 
metabolism,  which  in  mice  results  in  dose-dependent  hypo¬ 
glycemia  (reviewed  in  references  18,  21,  22,  and  30).  LPS  is 
also  known  to  induce  cytokines,  among  which  are  interleu 
kin-1  (IL-1)  and  tumor  necrosis  f  .ctor  (TNF),  and  both  of 
these  have  been  demonstrated  to  induce  hypoglycemia  when 
administered  to  mice  in  vivo  (3, 4, 7, 8,  15, 21,  22, 25).  Thus, 
it  has  been  hypothesized  that  IL-1  and  TNF  act  as  probable 
intermediates  in  LPS-induced  hypoglycemia.  However,  we 
recently  demonstrated  that  administration  of  a  rabbit  poly¬ 
clonal  immunoglobulin  prepared  against  recombinant  murine 
TNF  to  mice  failed  to  block  LPS-induced  hypoglycemia, 
under  conditions  in  which  a  highly  significant  inhibition  of 
serum  colony-stimulating  factor  (CSF)  activity  was  observed 
(27).  In  the  present  study,  we  attempted  to  determine  the 
role  of  IL-1  in  mediating  LPS-induced  hypoglycemia.  Our 
results  demonstrate  that  a  recombinant  IL-1  receptor  antag¬ 
onist  (rlL-lra)  reversed  significantly  the  hypoglycemia  in¬ 
duced  by  LPS,  even  when  administered  3  days  prior  to  LPS 
challenge,  suggesting  that  IL-1  is  an  intermediate  in  this 
process. 

(Portions  of  this  work  were  carried  out  by  B.  E.  Henneson 
in  partial  fulfillment  of  the  requirements  for  the  Ph.D.  degree 
from  the  Uniformed  Services  University  of  the  Health 
Sciences,  Bethesda,  Md.) 

Female  mice,  5  to  6  weeks  of  age,  were  used  for  all 
experiments.  The  following  strains  were  used  during  the 
course  of  this  study:  C3H/HeN  (National  Cancer  Institute, 
Frederick,  Md.),  and  C57BU6J,  C3H/OuJ,  and  C3H/HeJ 
(Jackson  Laboratories,  Bar  Harbor,  Maine).  The  experi¬ 
ments  reported  herein  were  conducted  according  to  the 
principles  set  forth  in  Guide  for  the  Care  and  Use  of 
Laboratory  Animals  (16a).  Mice  were  injected  iniraperitone- 
ally  with  0.5  ml  of  pyrogen-free  saline  (Abbott  Laboratories, 
North  Chicago,  Ill.),  25  jxg  of  Escherichia  coli  K235  LPS 
(prepared  by  the  phenol-water  extraction  method  of  Mclntire 
ct  al.  (17J),  or  the  indicated  concentrations  of  recombinant 
murine  IL-la  (rIL-la;  kindly  provided  by  Peter  Lomcdico, 
Hoffmann-LaRochc,  Inc.,  Nutley,  N.J.)  or  recombinant 
human  TNF-a  (rTNF-a;  kindly  provided  by  Abla  Crcascy, 
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Cetus  Corporation,  Emeryville,  Calif.).  rlL-lra  was  the 
generous  gift  of  Robert  Thompson  (Synergen,  Inc.,  Boulder, 
Colo.).  All  dilutions  of  LPS,  cytokines,  or  rlL-lra  were 
prepared  in  pyrogen-free  saline.  Levels  of  blood  glucose  in 
serum  samples  (pooled  from  two  to  six  mice  per  treatment 
per  experiment)  were  measured  by  using  a  glucose  oxidase 
reagent  kit  (Sigma  Chemical  Co.,  St.  Louis,  Mo.),  modified 
exactly  as  desenbed  elsewhere  (13).  A  glucose  standard 
curve  was  included  in  each  assay.  All  data  were  analyzed  by 
two-tailed  Student's  t  tests. 

The  capacities  of  LPS  (25  jig),  rIL-la  (500  ng),  and 
rTNF-a  (7.5  jjig)  to  induce  hypoglycemia  were  first  com¬ 
pared.  For  this  initial  senes  of  experiments,  the  doses  of 
LPS,  rIL-la,  and  rTNF-a  chosen  were  based  on  previous 
experience  in  which  these  three  reagents  were  compared  for 
their  ability  to  induce  comparable  CSF  activity  (26).  The 
data  in  Fig.  1  confirm  and  extend  previous  work  using  these 
three  inducers  of  hypoglycemia:  injection  of  LPS  leads  to  a 
statistically  significant  depression  of  blood  glucose  levels  by 
4  h  after  injection.  In  contrast,  both  rIL-la  and  rTNF-a 
induced  a  significant  degree  of  hypoglycemia  by  2  h  after 
administration,  although  the  hypoglycemic  response  to 
rIL-la  was  significantly  greater  than  that  induced  by  rTNF-a 
at  2  h  (P  =  0.007). 

These  findings  were  further  extended  by  analyzing  the 
effects  of  the  recombinant  cytokines  administered  at  various 
doses,  alone  or  in  combination,  on  blood  glucose  levels 
obtained  6  h  after  injection  (Table  1).  Both  rIL-la  and 
rTNF-a  induced  dose-dependent  decreases  in  blood  glucose; 
however,  when  administered  in  combination,  a  more  pro¬ 
found  state  of  hypoglycemia  was  observed,  resulting  in  a 
maximum  decrease  in  blood  glucose  of  —50%.  Certain  dose 
combinations  (i.c.,  IL-1  at  100  ng  plus  TNF  at  5  pg,  IL-1  at 
500  ng  plus  TNF  at  5  |xg,  and  IL-1  at  100  ng  plus  TNF  at  7.5 
jjig)  were  synergistic  and  resulted  in  hypoglycemia  which  is 
significantly  greater  than  one  would  predict  from  the  sum  of 
the  decreases  observed  following  injection  of  cither  cytokine 
Individually  (P  <  0.001).  This  pattern  of  induction  of  hypo¬ 
glycemia  by  rIL-la  and/or  rTNF-a  was  also  observed  in 
LPS-hyporesponsive  C3H/HeJ  mice  under  conditions  in 
which  25  fjLg  of  LPS  failed  to  induce  a  significant  decrease  in 
blood  glucose  levels  (data  not  shown). 

Given  the  fact  that  LPS  has  been  demonstrated  to  induce 
both  IL-1  and  TNF  in  vivo  (reviewed  in  references  19  and 
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TIME  AFTER  INJECTION  OF  LPS  (HRS)  TIME  AFTER  INJECTION  (HRS) 

F IG.  L  Lflfcci  of  uJmim:)triUton  ol  LPS.  rIL  la.  tinJ  rTNF-a  on  blooJ  glucose  levels  in  mivc.  Groups  of  mice  (C57BL6J.  C3H.HcN.  and 
C3H/0uJ.  iwo  to  live  mivc  per  ircaimeni  per  cApcnmenli  were  injected  vviih  25  pg of  LPS  deft  paneh  or  saline.  rIL-la  t500  ng).  or  rTNF-a 
4.. 5  iiigltl  panels.  Seiutu  ^ainple^  were  ^.ollccied  and  pooled  at  the  indicated  timc^  after  injection,  and  blood  glucose  was  measured  as 
described  in  the  icM.  The  results  teprcscni  the  arithmetic  means  ~  standard  errors  of  the  means  of  4  to  12  separate  experiments  for  each  data 
point,  r  or  LPS.  levels  of  blood  glucose  were  significantlv  dilTcrent  {P  -  0,05>  from  saline  controls  at  4  and  h  h  after  injection.  Levels  of  blood 
glucose  were  significantlv  dilTerent  from  saline  controls  at  2.  4.  and  6  h  after  injection  of  cither  rlL-la  or  rTNF-a. 


28>  and  siHcc  both  of  these  cvtokincs  (cither  alone  or  in 
combination)  induce  hvpoglvccmia  faster  than  LPS  (Fig.  1). 
a  has  been  h>polhesiiicd  that  both  of  these  evtokincs  medi¬ 
ate  the  h>poglvcemia  ..nduccd  bv  LPS.  However,  unless  a 
specific  LPS  mediated  efifccl  is  blocked  with  a  c>lokine- 
spccific  antagonist,  a  cannot  be  presumed  that  the  c>tokinc 
in  question  IS  indeed  an  intermediate  in  the  response  being 
studied.  For  example,  wc  rcccntl)  observed  that  administra¬ 
tion  of  a  monospecific  anti  murine  rTNF-a  antibod>  to  mice 
failed  to  block  LPS-induccd  hvpogi>eemia.  even  at  concen¬ 
trations  that  were  10  limes  higher  than  that  required  to  ablate 
LPS  induced  scrum  TNF  (27),  reduce  LPS  induced  CSF 
activitv  significantl>  (27).  and  neutralize  in  vivo  <.11  of  the 
TNF  activitv  produced  in  the  spleens  and  sera  of  tumor- 
bearing  mice  injected  with  25  |xg  of  LPS  l20).  Thus,  il  was 
concluded  that  TNF-a  ma>  not  serve  as  an  intermediate  in 
the  induction  of  h>pogl>cemia  b>  LPS.  even  though  its 
exugenous  administration  results  in  a  significant  decrease  in 
blood  glucose  levels  (3.  4.  25). 

Recently,  a  human  rIL  Ira  was  cloned  and  purified  (10). 
This  protem  binds  to  high  aOiriiy  murine  IL  1  receptors  (6. 
12)  and  has  been  shown  to  inhibit  IL  I-induccd  prostaglan¬ 
din  Lj  and  collagcnasc  secretion  from  synovial  cells  in  vitro 
(2K  Wc  have  used  this  reagent  to  inhibit  significantly  LPS- 
induccd  CSF  activity,  as  well  as  the  induction  of  early 
endotoxin  tolerance  by  LPS.  in  vivo  (14).  Table  2  illustrates 
the  effects  of  simultaneous  or  prior  administration  of  rlL-lra 
on  LPS  induced  hypoglycemia.  Separate  groups  of  mice 


were  injected  on  day  0  with  cither  saline  (treatment  groups  A 
to  D)  or  the  rlL-lra  (treatment  group  E).  Three  days  later, 
individual  groups  were  challenged  with  saline  (treatment 
group  A).  LPS  only  (treatment  group  B).  rlL-lra  only 
(treatment  group  C).  or  both  LPS  and  rlL-lra  (irealmcnl 
group  D).  This  experimental  design  was  chosen  so  that  wc 
could  concurrently  assess  both  the  simultaneous  and  long 
term  efficacy  of  the  rlL-lra  in  this  system  (treatment  group  D 
versus  group  E).  The  dose  of  rlL-lra  (300  jxg)  used  in  this 
study  was  based  on  two  in  vivo  observations,  (i)  this 
concentration  of  rlL-lra  was  found  to  result  in  a  highly 
Significant  reduction  of  LPS-induced  CSF  activity  and  early 
endotoxin  tolerance  in  vivo  (14).  and  (li)  m  preliminary 
experiments.  300  p.g  of  rlL-lra  was  found  to  reverse  the 
hypoglycemia  induced  by  300  ng  of  rIL-la  from  45  to  9l7t  of 
the  saline  control.  As  shown  in  Table  2.  25  fxg  of  LPS 
induced  the  expected  level  of  hypoglycemia  l  54n  of  the 
saline  control,  compare  treatment  groups  A  and  B).  Injection 
of  rlL-lra  (300  p-g)  only  (treatment  group  C)  had  no  cflfcct  on 
blood  glucose  levels.  However,  vvhen  the  rlL-lra  and  LPS 
were  administered  simultaneously  (treatment  group  D). 
blood  glucose  levels  were  significantly  higher  than  when 
mice  were  treated  with  LPS  only.  Thus,  rlL-lra  partially, 
but  significantly,  revenues  the  hypoglycemia  induced  by 
LPS.  LPS-induced  hypoglycemia  was  reversed  to  the  same 
extent  even  if  the  rlL-lra  was  administered  3  days  prior  to 
LPS  (treatment  group  E),  and  the  cxlcnl  of  the  reversal  Aiih 
rlL-Ira  is  comparable  to  that  observed  in  mice  rendered 
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Table  l.  Eflecis  of  combined  ireaimeni  wiih  rIL-la  and 
rTNF-tt  on  levels  of  blood  glucose*' 


IVcatnicnl 

Blood  gluco.se  level 
tr?  of  saline 
controls)  (;il 

P  value 

Saline 

lOO.O  =:  2.9  (8| 

IL-l 

10  ng 

87.8  6.0  (51 

0.066  (NS'’) 

100  ng 

80.2  4.9  (71 

0.003 

500  ng 

70.0  -  6.5  (7| 

0.001 

TNF 

5  |xg 

88.5  i  6.8  (7j 

0.128  (NS) 

7-5  ixg 

80.0  5.9  (71 

0.007 

lL-1  (10  ng)  +  TNF  (5  jxg) 

7S.4  S:  5.8  (41 

0.002 

IL-1  (100  ng)  '*'  TNF(5  )JLg) 

52.3  ±  6.2  (61 

<0.001 

IL-1  (500  ng)  -r  TNF  (5  lAg) 

48.1  2:  3.7  (4| 

<0.001 

IL-1  (10  ng)  +  TNF  (7.5  ng) 

68.8  i  4.3  (4) 

<0.001 

1L-1(100  ng)  T  TNF(7.5jxg) 

54.4  -  5.4  (51 

-.0.001 

lL-1  (500  ng)  +  FNF  (7.5  p.g) 

48.9  4.1  (6) 

^0.001 

LPS  (25  pg) 

58.6  2:  5.5  (41 

<0.001 

"  Groups  of  mice  were  injected  with  saline.  LPS.  or  the  indicated  concen- 
irauons  of  rIL  la  and.or  rTNF  u.  Mice  iverc  bled  6  h  later,  and  the  level  of 
blood  glucose  a  as  measured  in  pooled  samples  as  described  m  Materials  and 
Methods.  Results  represent  the  arithmetic  means  ~  standard  errors  of  the 
means  of  n  separate  experiments  per  treatment  group.  The  level  of  signifi¬ 
cance  \P),  determined  by  comparison  by  biudcni  s  r  test  with  the  saline 
treatment  group.  i$  provided. 

**  NS.  not  significant. 


endotoMn  tolerant  ‘  by  injection  of  LPS  3  dayb  prior  to 
challenge  with  LPS  (treatment  group  F>.  Significant  reversal 
of  LPS-induccd  hypoglycemia  in  mice  which  have  been 
rendered  cndoto.xin  tolerant  has  been  reported  previously 
(I3>.  Simultaneous  treatment  of  mice  with  a  higher  concern 
tration  (600  fxg)  of  rlL-lra  and  25  pig  of  LPS  wa:,  no  more 
eRicacious  in  the  reversal  of  hypoglycemia  than  that  ob¬ 
served  with  300  pig  of  rIL  Ira,  and  the  inhibition  observed 
vvith  150  pig  of  rIL  Ira  was  found  not  to  be  statistically 
significant  (data  not  shown). 

Since  TNF-tt  has  been  shown  to  mducc  IL-1  at  high 


T.ABLE  2.  Effect  of  rlL-lra  on  LPS-induced  hypoglycemia 

Group 

Treatment 
(day  B'day  3)" 

Mean  blood 
glucose  level  r 
SEM  (mgdl)  [nf 

P  value’ 

A 

Saline  saline 

105.0  i  3.1  (121 

B 

Saline.  LPS  (25  >ig) 

56.7  i  3-4  (14) 

xO.OOl.  A  vs  B 

C 

Salinc/rlL  Ira  (300  pg) 

100.9  2:  5.9  (61 

D 

Salinc/LPS  +  rlL-lra 

79.1  2:  4.6  (31 

0.011.  B  vs  D 

E 

rlL'lra  (300  pg)/LPS 

79.9  2:  3.3  (41 

0.003,  B  vs  E 

F 

LPS/LPS 

80.4  2:  7.1  (101 

0.003,  B  vs  F 

Mice  tC*rBL/bJ«  wcic  (Rjcwfcd  \iti  da>  0  Aiih  saline.  itU-Ara  iJ(X) 
and;ut  LPS  and  ihcn  challenged  3  da>s  later  iday  3;  ^ith  saline.  LPS 

f25  pg).  rIL  Ira  1300  pg).  or  LPS  plus  rlL  Ira.  as  indicated  Mice  were  bled  6 
h  after  the  d3y-3  injection,  and  blood  glucose  levels  were  measured  as 
desenbed  in  Materials  and  Methods. 

Rc:»uuc  represem  arithmetic  means  ^  standard  errors  of  the  means  of 
blood  glucose  levels  measured  on  pooled  serum  samples  ifuui  oi  five  mice  pc. 
frcaimcni  group  per  experiment)  from  ihc  indicated  number  (n)  of  individual 
experiments. 

DifTcrcnccs  were  assessed  oy  unpaired  Student  s  t  test,  and  P  values  for 
specific  compansons  arc  reported. 


TABLE  3.  Effect  of  rlL-lra  on  LPS-.  rTNF-a-.  and 
rlL- la-induced  hypoglycemia 

Treatment*' 

Mean  blood  glucose 
level  s  SD  tmg'dl)^ 

Saline 

93.9  2:  2.2 

LPS  (25  pg) 

LPS  (25  pg)  -t-  rlL-lra  (300  pg) 

61.5  2r0.7 

72.4  2:  1.2  (P  0.041) 

rTNF«a  (7.5  pg) 

rTNF-a  (7.5  pg)  rlL-lra  (300  pg) 

72.6  ;:3.1 

71.7  e:  0.4  iP  =  0.765) 

rIL-la  (500  ng) 

rIL-la  (500  ng)  -i*  rlL-lra  (300  pg) 

78.7  ^  5.4 

96.0  i:  7.0  (/’  =  0.042) 

"  Mice  1C57BL/6J;  four  mice  per  trcatmeni  group)  were  injected  with 
saline.  LPS  (25  pg).  rTNF-a  (7.5  pg).  or  rIL-la  (500  ng).  wuh  or  wnhoui 
rlL-lra  (300  pg).  as  indicated.  The  mice  were  bled  6  h  later,  .serum  samples 
W'erc  collected,  and  blood  glucose  levels  were  measured  as  described  in 
Materials  and  Mcihods. 

^  Results  represenr  onthmctic  means  ^  standard  deviations  of  blood 
gluco^.  levels  measured  in  two  separate  assays  of  pooled  sera  from  a  single 
representative  experiment.  DifTcrenccs  were  assessed  by  a  paired  Student  >  t 
test,  and  P  values  for  comp.irison  of  a  specific  treatment  in  the  absence  and 
presence  of  rlL-Ira  arc  provided  in  parentheses. 


concentrations  (9),  the  capacity  of  the  rlL-lra  to  antagonize 
TNF-induced  hypoglycemia  was  also  examined.  Table  3 
show's  that  simultaneous  administration  of  rlL-lra  (300  pig) 
and  LPS  (25  pig)  results  in  partial  reversal  of  hy  poglyccmia 
(as  was  seen  in  the  data  in  Table  2).  In  contrast.  rIL-l»‘a  had 
no  effect  on  the  induction  of  hypoglycemia  by  rTNF-a  (7.5 
pig),  whereas  the  hypoglycemia  induccdT)y  rIL-la  (500  ng) 
was  reversed  completely  by  simultaneous  administration  of 
the  inhibitor.  These  findings  suggest  that  if  TNF-a  induced 
IL  I  is  responsible  for  hypoglycemia,  it  is  either  acting 
intraccliularly  or  through  an  IL-1  receptor  type  ic.g..  type  II) 
which  docs  not  bind  the  rlL-lra. 

Administration  of  LPS  to  experimental  animals  causes  a 
profound  carbohydrate  “dyshomeoslasis*'  (21, 22. 31)  which 
is  dose,  lime,  and  species  dependent.  Typically,  one  ob¬ 
serves  in  sera  or  plasma  of  LPS  injected  animals  a  pattern  of 
initial  hyperglycemia,  which  is  followed  by  a  profound 
hypoglycemia  (rcvicw'cd  in  reference  21).  The  effect  of  LPS 
on  specific  pathways  involved  in  carbohydrate  metabolism 
has  also  been  examined  by  many,  and  it  appears  that  the 
basis  for  the  observed  hypoglycemia  is  multifaceted:  inhibi¬ 
tion  of  gluconcogcnesis,  increased  glycogcnolysis.  increased 
peripheral  glucose  oxidation,  induction  of  hyperinsulinemia. 
and  increased  glucose  tolerance  have  all  been  suggested  (11, 
18, 21. 22, 30).  The  seminal  work  of  Berry  and  his  colleagues 
(reviewed  in  reference  18)  provided  important  insights  into 
the  regulation  of  glucose  levels  following  endotoxin  admin¬ 
istration.  These  investigators  demonstrated  that  in  response 
to  LPS,  a  macrophagc-dcrivcd  soluble  factor  is  produced 
which  innibits  gluconeogencsts.  This  soluble  factor  was 
called  glucocorticoid  antagonizing  factor.  It  is  detectable  in 
the  scrum  within  2  h  of  LPS  administration  and  acts  on 
hcpatocy  tcs  by  blockingcorticostcroid  induced  phosphocnol 
pyruvate  carboxy kinase  (PEPCK).  a  ratc-Iimiting  enzyme  in 
the  conversion  of  oxaloacctatc  to  phosphoenolpyruvatc  dur¬ 
ing  gluconcogcnesis.  This  providcd^lhc  first  evidence  that 
the  hypoglycemia  induced  by  LPS  could  be  mediated  indi 
rcctly  by  a  macrophagc-dcrivcd  soluble  factor.  However, 
this  (nay  not  be  the  only  pathway  by  which  LPS  induces 
hypoglycemia.  Recently.  Silverstcin  ct  al.  (23)  demonstrated 
that  hydrazine  sulfat**,  a  specific  inhibitor  of  gluconcogcne- 
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counteracted  the  LPS  induced  dccrcabc  in  PEPCK  ac 
livii>.  huvvevor.  the  mice  were  '>till  hvpogl>cemic.  Thu 
poinlb  to  the  pobbibilitv  that  inhibition  ol’PEPCR  activity  aj> 
a  mechanism  for  diMupting  gluconeogencMi>  may  be  but  one 
of  several  pathways  in  the  induction  of  LPS-induccd  hypo^ 
glvccmia*  foi  c\ample,  in  an  earlier  ^tudy .  Snyder  et  al.  i24> 
reported  that  LPS  induced  an  increase  in  the  glycolytic 
eiuyme  pyruvate  kinase,  which  could  abo  have  a  net  effect 
of  counteracting  gluconeogcncsis. 

Nonetheless,  the  finding  that  LPS  induced  hypoglycemia 
could  be  reproduced  in  vivo  by  injection  of  an  LPS-induced, 
macrophage  derived  soluble  factor  led  to  the  testing  of 
specific  LPS-induccd  cytokines  as  more  purified  cytokines, 
and  subsequently,  recombinant  cytokines  became  available. 
Since  it  is  well  documented  that  both  IL-1  and  TNF  are 
induced  very  early  in  response  to  LPS.  some  of  the  initial 
studies  were  carried  out  using  parilally  purified  preparations 
of  natural  IL  1.  For  example,  in  a  study  by  Hill  cl  al.  (15),  an 
IL  1  rich  preparation  was  shown  to  induce  hypoglycemia 
and  to  decrease  PEPCK  activity,  however,  the  methods 
used  to  purify  this  material  could  not  have  ensured  the 
elimination  of  other  cytokines,  such  as  TNF  or  IL-6.  In  a 
subsequent  study,  Del  Rey  and  Besedovsky  (7)  showed  that 
injection  of  rlL  1  into  mice  and  rats  led  to  hypoglycemia.  In 
mice,  this  decrease  in  blood  glucose  was  accompanied  by 
enhanced  levels  of  insulin,  glucagon,  and  corticosterone, 
whereas  in  rats,  only  the  last  two  were  enhanced.  In  rats 
which  were  adrenalectomizcd.  rIL-1  induced  severe  hypo¬ 
glycemia.  as  well  as  hypoinsulinemia.  and  therefore  it  was 
concluded  that  the  effect  cf  IL  1  was  independent  of  its 
capacity  to  induce  insulin.  Subsequently,  these  investigators 
showed  that  rIL  1  induced  hypoglycemia  in  normal  animals 
and  exerted  normalizing  effects  in  mice  rendered  diabetic  by 
alloxan  treatment  and  in  two  insulin  resistant,  diabetic 
mouse  strains  In  these  studies,  they  found  a  decrease  in 
insulin  levels  in  mice  injected  with  rIL  1  and  again  con¬ 
cluded  that  rIL  1  did  not  cause  hypoglycemia  by  inducing 
insulin  ($).  In  contrast.  Sacco  Gibson  and  Filkens  (21)  and 
Yclich  et  af  (31)  showed  that  rlL-l  induced  in  glucose- 
challenged  rats  both  increased  glucose  clearance  and  hyper 
insulinemta  and  that  both  responses  were  a  dear  potentia¬ 
tion  of  the  response  to  glucosc  alone.  In  a  subsequent  review 
(22),  Sacco-Gibson  and  Filkens  postulated  that  additional 
cofactors  induced  by  LPS.  such  as  TNF.  might  synergize 
with  IL-1  to  potentiate  hypennsulmcmia.  Rcccntiy.  Bird  et 
al.  l5)  showed  that  rIL-1  increased  the  rate  of  glycolysis  las 
measured  by  increased  lactate  production)  and  also  caused 
an  increase  in  hexose  transport  by  increasing  the  net  rate  of 
glucose  transporter  synthesis  in  vitro.  LPS-induccd  in¬ 
creases  in  plasma  lactate  levels  in  vivo  have  also  been 
documented  (30.  31). 

Since  TNF  has  many  of  the  same  biological  properties  as 
IL-1  (reviewed  in  references  16  and  19)  and  has  been  shown 
CO  induce  IL-1  at  high  doses  (10).  it  is  not  surprising  that 
rTNF-a  was  also  found  to  modulate  blood  glucose  levels  in 
both  rats  and  mice  (4.  25).  Tracey  el  al.  (25)  demonstrated 
that  continuous  infusion  of  rTNF  a  into  rats  fur  20  min  led  to 
a  dose  dependent  induction  of  h>pcrg!><.emia.  followed  by  a 
profound  hypoglycemia  *^4  h  postinfusion.  Bauss  et  al.  (4) 
subsequently  showed  that  a  single  injection  of  rTNF-a  into 
mice  led  to  a  decrease  in  plasma  glucosc  levels  in  both 
LPS-responsive  and  LPS-hyporesponsive  mouse  strains.  In 
addition,  they  observed  an  incrctisc  in  plasma  lactate  levels 
when  very  high  doses  of  rTNF-a  were  administered;  how¬ 
ever,  this  was  not  observed  in  LPS-hyporesponsive  C3H/ 
HeJ  mice.  Bagby  et  al.  (3)  found  that  infusion  of  culture 


supernatants  which  contained  LPS-induccd  monokines  into 
rats  which  had  been  made  endotoxin  tolerant  had  a  much 
more  profound  elfect  on  alterations  in  plasma  insulin,  gluca¬ 
gon.  and  catecholamines  than  administration  of  r  fNF  alone, 
suggesting  the  possibility  of  soluble-factor  synergy. 

The  data  presented  m  this  report  confirm  and  extend  many 
of  these  previous  findings.  It  is  clear  that  (i)  cither  rlL-la  or 
rTNF-u  IS  capable  of  inducing  significant  hypoglycemia  by  2 
h  after  injection  (equivalent  to  levels  induced  by  LPS  at  4  h 
after  injection)  and  (li)  rIL-la  appears  to  be  more  potent, 
acting  somewhat  more  quickly  than  rfNF-a  iFig.  I  and 
Table  1).  When  injected  in  combination.  rlL-lu  and  rTNF-u 
synergize  to  induce  hypoglycemia  (Table  1).  This  finding 
extends  an  increasingly  growing  list  of  biological  cfi'ccts  in 
which  IL-1  and  TNF  have  been  found  to  synergize.  death, 
weight  loss,  early  endotoxin  tolerance,  hematopocitic 
changes,  radioprolcclion,  and  others  (29.  reviewed  in  refer¬ 
ence  19).  The  finding  that  rlL-lra  significantly  reversed 
LPS-induced  hypogi>cemia  (Tabic  2)  directly  demonstrates 
that  IL-1,  induced  by  LPS.  is  an  intermediate  in  the  induc¬ 
tion  of  hypoglycemia  by  LPS.  This  levcrsal  is  incomplete,  is 
induced  to  the  same  extent  when  rlL-lra  is  administered 
simultaneously  with  or  72  h  prior  to  LPS.  and  is  not 
augmented  by  administration  of  higher  doses  of  rlL-lra. 
suggesting  strongly  that  IL-l  is  not  the  only  intermediate  in 
this  complex  process.  This  notion  is  further  strengthened  by 
the  data  in  Table  3  showing  that  the  rlL-lra  failed  to  reverse 
rTNF-a-induccd  hypoglycemia.  Thus,  it  seems  unlikely  that 
hypoglycemia  induced  by  rTNF-a  is  mediated  by  elaborated 
IL-1.  However,  previous  findings  that  anti-rTNF-«  antibody 
failed  to  reverse  LPS-induccd  hypoglycemia  or  worticosicr- 
one  levels,  under  conditions  in  which  induction  of  CSF  was 
Significantly  inhibited  (26).  suggest  that  TNF  may  not  be  the 
additional  intermediate  in  this  LPS-induccd  cascade  and  that 
perhaps  other  cofactors,  such  as  IL-6  (1).  participate  in  the 
induction  of  hypoglycemia.  However,  an  alternative  expla¬ 
nation  may  be  that  anti-rTNF-a  antibodies  are  unable  to 
extravasatc  into  the  liver  in  sufficient  quanitics  to  neutralize 
TNF  effects  on  hcpatocytcs.  The  prolonged  half-life  in  the 
^iiculation  of  anti-TNF  antibody  (several  days)  supports  this 
possibility.  Future  experiments  using  FNF  receptor  antago¬ 
nists  will  be  required  to  address  these  possibilities. 

\Vc  thank  Hofrm,inn-LaRochc.  Inc.  (Nuilc>.  N.J.i.  Cctus  Corp. 
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generous  gifts  of  recombinant  materials.  This  iiudy  was  suppurted 
bv  Naval  Medical  Research  and  Development  Command  proiocol 
63706.0095.001  (USUHS  protocol  G173BP).  USUHS  proiocol 
R07338.  and  AFRRI  Work  Unii  00129. 
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